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ABSTRACT
The the rm a l  conductivity of liquids is an important energy 
transpor t  property  the value of,which .is required in the solution of 
most heat t ran s fe r  corre la t ions .  The results  of an extensive l i t e r a ­
ture survey of the published.data and methods of m easurem ent reveal-
\ * 
echthat, until recently, the available data were scanty and their  a c ­
curacy in considerable doubt. During recent  years ,  considerable e f­
fort has been expended in the experimental  determination of the therm al  
conductivity of various liquids, but little p rogress  has been made to ­
wards developing an apparatus that yields resu l ts  of high dependability. 
Therefore, a study of factors  affecting the design of a thermoconducti- 
m etr ic  apparatus for liquids was made, and a new apparatus, based on 
the results  of this study, was developed and tested  extensively. r The 
main features of the apparatus are:
r\ a. Steady state, horizontal, para l le l  plane apparatus. Down- 
ward heating to eliminate convection effects.
b. Variable thickness, to study the presence  and effects of 
convection and radiation, as well as other effects.
c. Heat flows in se r ies  through the liquid layer and a steel 
bar . To improve the accuracy of, measuririg the heat flow, therm ocou­
ples were embedded in the steel bar, and the heat flow is m easured  
from the therm al  conductivity of steel and the dimensions of the bar .
For  accurate m easurem ents , an apparatus for measuring the therm al
conductivity of s tee l  was designed and constructed. The steel spec i­
men used in the apparatus was cut from the same piece, used.in the 
construction of the main apparatus. •
The the rm al  conductivity of the s teel rod was m easured  at var-  
ious tem pera tu res ,  and co rre la ted  as a function of tem peratu re .
d. Isothermal surfaces,  made possible by the circulation 
of large amounts of heating and codling water.
e. The therm al  conductivity of the liquid is calculated by 
two methods, an extrapolation method and an overall res is tance  to 
heat flow method. The overall  res is tance  method is  considered more 
co r rec t  since it takes into account the effect of surface i r reg u la r i t ie s .
f. Visual observation of liquid layer, to establish the a b ­
sence of gas bubbles in the liquid layer and. study the effects of con- 
ve ction.
heat t ransfe r  by radiation and natural convection studies.
Values of therirtal conductivity and temperature  coefficients
\
for 98 pure organic liquids, obtained with the described apparatus, 
a re  presented^ The experimentally  determined maximum e r r o r  in 
the value of therm al  conductivity of liquids is + 1. 50%, of which +T.0% 
is a statis tically  calculated maximum uncertainty in the determined
g. Careful the rm al  guarding
heat losses .
h. The apparatus can be used, without modification, for
value of the therm al conductivity of steel.
A comparison of some observed values of thermal conductiv­
ity with the bes t  l i te ra tu re  data showed that most of the best l i t e r a ­
ture values of therm al conductivity a re  about 4 to 5% lower than the 
co rrec t  values as a re su l t  of surface effects which were not account­
ed by these investigators .
An equation for predicting the thermal conductivity of pure 
organic liquids, and i ts  tem peratu re  coefficient, has been derived on 
the bas is  of a par t icu lar  molecular arrangem ent in the liquid. The 
equation is applicable to chain and ring molecules of both norm al and
associated liquids. The equation has been tested on 42 liquids, and
'■ * ’ \
the average deviation of the calculated from the observed values of 
therm al conductivity is  + 2 . 6 %. ^  y
An alternate method of correla t ion  based on a modified s ta te-  
ment of the theory of corresponding s ta tes . is  presented. The therm al
f
conductivity of 77 liquids was calculated using this method, and the
\
average deviation of the calculated from the observed values is + 1. 3%.
INTRODUCTION
In .this D isserta tion are reported the resu l ts  of a sys tem -
*
atic experimental and theoretical investigation of the the rm al  con­
ductivity of pure organic liquids as  a function of tem perature .
The main design features of the experimental apparatus are
■ ' ' )' *
described in P a r t  I, and values of therm al conductivity and te m p e r ­
ature coefficients for 53 organic liquids* chain structure* given.
■v
The accuracy of m easurem ents  is given* and comparison with some 
of the best  l i te ra ture  values made. The resu lts  are corre la ted  sa t ­
isfactorily  on the bas is  of a modified statement of the theory of c o r ­
responding states.
In P a r t  I l ' i s  derived a theore tica l  equation for predicting the 
therm al  conductivity and temperature  coefficient of liquids with no 
experimental data. The e^quntion is based on a simplified model of
liquid state.
(
In P a r t  III values of thernqal conductivity and tem perature  co­
efficients for 35 additional liquids, chain and ring structure* a re  given. 
The developed methods qf correlation n*e applied to ring compounds. 
The effect of tem perature  on thermal conductivity in the regions close 
to the freezing and boiling points is discussed.
STUDIES OF THERMAL CONDUCTIVITY OF LIQUIDS
PART I.
The the rm a l  conductivity of liquids is an important physical 
property  the value of which is required  in the solution of m ost  heat 
t ran s fe r  corre la t ions .  The accuracy of the various correla t ions  p re -  
dieting these heat t r a n s fe r  coefficients cannot be better  than the ac-  ^
curacy with which the therm al  conductivity is known. At a given 
tem perature ,  the th e rm a l  conductivity of common liquids varies con­
siderably, ' and an average value picked at random is not sa tisfactory.
Despite its  importance, and until recently, the available data 
were scanty and the ir  accuracy in considerable doubt. During recent  
yea rs ,  considerable effort  has been expended in the experimenta l  de ­
termination of the the rm al  conductivity of various liquids, but little
-<-r - ■ . - -
p rog ress  has been made towards developing an apparatus that yields 
resu lts  of high dependability. For  this reason an exclusive l i te ra tu re  
survey (3 ) of the published data and methods of m easurem ent has been 
made, followed by a study (4) of factors  affecting the design of a 
thermoconductimetric  apparatus for liquids.
In P a r t  I of this se r ies ,  experimental resu lts  on 53 pure organic 
liquids obtained with a newly designed, extensively tested, apparatus are 
presented. The resu l ts  are correla ted  on a semi theoretical basis  from 
a modified statement of the theory of corresponding states. An alternate
theoretical equation for predicting the the rm al  conductivity of liquidB will 
be given in P a r t  II. The two methods of correla tion a re  mutually support-
T
ing.
Apparatus
The thermoconductimetr ic  apparatus was described in  detail in an 
e a r l ie r  publication (5), where the resu l ts  of a number of tes ts  were also 
presented. The design fea tu res  were decided upon as a resu l t  of previous 
experimental and theore t ica l  studies (4, 5) on the various features of p rev i­
ously used apparatus.
The apparatus (Figure 1) is  of the steady state type. In it, the liquid 
layer is enclosed between two, 6 in. in diameter,  horizontal para lle l  steel
«* | 4  - S '
.bars, and heated downward to eliminate convection curren ts .  To es tablish  
iso therm al  surfaces, the top and bottom b a rs  are heated and cooled r e s p e c t ­
ively by large amounts of water, drawn from and returned to constant te m ­
perature  baths. The water  rate is made so large that its tem perature  change 
after circulating through the apparatus is very small.  Heat flows in se r ies  
through-the liquid layer  and a 4 in. thick steel bar .  To improve the accuracy 
of measuring the heat flow, 18 thermocouples were embedded in the steel 
bars  in four layers,^ a t  different positions from the center of the bars ,  and 
the heat flow m easured  by means of the thermal conductivity of s teel and 
the dimensions of the bar. The. therm al conductivity of the piece of steel 
used in the apparatus was determined in a separate, specially constructed 
apparatus (5). Heat lo sses  were minimized by enclosing the b a rs  in a glass 
cylinder, and providing therm al guarding. This feature also Enables visual 
observation of the liquid layer.  The liquid layer thickness can be varied
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Figure 1
atld is m easured  by means of th ree  m ic ro m e te rs .  This makes it  possible 
to study the p resence and effects of heat t ransfe r  by radiation a c ro s s  the 1 
liquid layer .  The steel b a r s  were nickel and chrome plated. The metal 
surfaces in contact with the liquid layer were highly polished.
Method of Calculation. In this apparatus, the the rm al  conductivity 
of the liquid may be calculated by two independent methods, an ex trapola­
tion method, and an overall res is tance  to heat flow method. The ex trapo la ­
tion method has been used by m ost  investigators, and is based on the equa­
tion for heat conduction involving the tem perature  drop ac ross  the liquid 
layer which is  obtained by extrapolation of the thermocouple readings to 
the metal-l iquid boundaries. The equation for heat conduction is
XL
k =,
A A  tj^
This equation assum es  that the surfaces are  perfectly  plane, and that there
are no surface effects of any kind. In practice  this condition is simply not
met. Even,after careful plating and polishing, surface ir regu la r i t ie s  of 
■ /
the o rder  of 0.0005 in. are  common. This introduces a considerable e r r o r
in thin liquid layer apparatus.
\
The overa ll  res is tance  to heat flow method is based on calculating 
the res is tance  to heat flow due to the steel ba rs  and the enclosed liquid layer 
Hence
R-p =  ^ ^   ^   2
where ^  ( A  t |  = overall tem perature  drop due to liquid layer and a known
thickness of steel ba rs
q = heat flow ac ro ss  liquid layer and bars
9R>p a total res is tance  to heat flow (Includes effects due to s u r ­
face i r reg u la r i t ie s  and f i lm s)^
R*ji a Rg *4* Rl 3
and xs
4
ks A \
5
kL A
where Rs a res is tance  to heat flow, due to steel ba rs  alone (Includes effects
The resis tance  to heat flow due to the steel ba rs  alone, Rg, is determined 
by making a run with the b a rs  in d irec t  contact. By subtracting this r e s i s t ­
ance from the resis tance determined for a given liquid thickness, R-j., the 
resis tance due to the liquid layer alone, R l , is determined, and the therm al 
conductivity of the liquid is calculated from equation 5.
The overall res is tance  method is considered more c o r rec t  since
it takes into account the effect of surface i r regu la r i t ie s  and films. It also
makes it possible to study the presence and effects of any convection currents  
or other extraneous factors.
P rec is ion  of M easurem ents . The described apparatus was submitted
*
to a number of tes ts  to establish its accuracy and dependability.
It was shown that, within the range of experimental conditions, heat 
t ransfer  by radiation ac ross  the liquid layer is negligible with no absorption 
taking place. Evidence was also given to show the absence of convection c u r ­
rents in downward heating.
The described the r  mo conduction e,txic apparatus is used as a p r im ary
device. The experimentally determined maximum e r r o r  in the value of therm al
due to surface i r regu la r i t ie s  and films)
R L = resis tance to heat flow due to liquid layer.
10
conductivity of liquids is + 1. 50%, of which + 1.0% is  a sta tis tically  
calculated maximum uncertainty in  the determined value of the rm al  con- 
ductivity of steel.
Re suits
The experimental resu l ts  are presented in Table 1. The therm al  
conductivity of m ost  liquids was determined at three tem peratures  equally 
spaced over the indicated tem perature  range, and the tem perature  coef­
ficient was calculated from the results .
Comparison with L iterature  Values
An extensive l i te ra ture  survey has \>eep made (3, 6 ) and values of
*
the rm a l  conductivity for numerous liquids have been collected, classified
f
and evaluated. The more dependable resu l ts  fall mainly in two groups 
differing consistently by about 5%. The f i r s t  group comprises the resu lts  
of L. Riedel and .H. L. Mason, determined with different but s im ilar  type 
thin film apparatus in the period 1940 - 1954. Their values of therm al 
conductivity and tem perature  coefficients a re  low. The second group com ­
p r ise s  the resu lts  of O.K. Bates et al, and T. K. Slawecki, determined with 
a thick and thin film type apparatus respectively in the period 1933 - 1953. 
Their  values of therm al conductivity are somewhat higher than those of the 
f i rs t  group.
A comparison of some values of therm al  conductivity determined 
by the author witlT values published by these two groups of investigators 
was made, and it  was noted that the values of thermal conductivity of other 
investigators calculated by the extrapolation method (group 1) agree in 
general with the author's values calculated by the same method, but are
11
TABLE I
\
OBSERVED VALUES OF THERMAL CONDUCTIVITY
Liquid k at 100°F dk/dt  x 1 0 ' 4 Temp. Source
B tu /h r  -ft^ B tu /h r- f t^  - Range Purity
( ° F / f t T (° r / f t )  /°ir Up
n~Hexane 0.0714 -1.40 91-13 5 9a
n -Heptane 0.0725 . - 1. 30 91-170 7b
n-Octane .. 0.0751 -1. 15 93-170 9a
n -Nonane 0.0777 - 1. 30 92-171 9a
n-Decane 0.0770 -1.40 106-169 7b
n-Hexene-2 0.0715 -1.60 100-131 9 c '\
n-Heptene -2 0.0747 - 1. 30 91-170 9a
n-Octene -2 0 .0769 -1.40 92-171 9c
n-Octene - 1 0.0740 -1 .40 103-172 9c
2-Methyl pentane 0.0617 - 1 . 00 87-121 9a
3-Methyl pentane 0.0628 - 1 . 0 0 ' 89-128 9a
2-, 2-Dimethyl 
/ ^ \ _ b u t a h e 0.0560 -0.93
.. ■
' 85-110 9a
2^-3 - Dtmrjethyl L “ *
butane 0. 0592 - 0 . 80 8 6 - 1 2 2 9a
2 -, 2 - , 4- 
T rime thyl 
pentane 0.0560 -1.05 101-171 9a
2 -, 2-, 5- T r i -  
m ethyl hexane 0.062 3 -1.40 94-171 9a
Me thy L a lc ohol 0.1187 -1.77 95-138 lb
Ethyl alqohol 0 . 0 9 8  1 - 1 . 2 0 95-167 1 0 b
n-Propyl alcohol 0 . 0 9 1 2 -0.95 95-168 6 b
n-Butyl alcohol 0.0885 - 1 . 02 v 94-170 lb
n-Amyl alcohol 0.0863 -0.91 94-170 5d
n-Hexyl alcohol 0.0878 -0.93 94-170 5d
n-Heptyl alcohol 0.0903 - 0 . 81 95-169 5b
n-Octyl alcohol 0.0927 - 1 . 0 0 95- 170 7d
h-Decyl alcohol 0 .0947 -1.18 95-170 5d
i-Propyl alcohol 0.0814 -0.95 94-171 8 b
i-Butyl alcohol 0.0803 -0.81 94-170 5b
tert-Butyl alcohol 0.0670 -0. 75 93-171 5b
Ethylene glycol 0.1510 + 0. 36 97-169 7b
Propylene glycol 0.1215 -0.35 96-169 4b
Glycerol 0 .1789 + 0. 53 96-171 ,7 b
Dipropylene glycol 0 .1007 - 1 . 08 96-169 3c
TABLE I (Continued')
Liquid k at 100°F dk/d t x 1 0 “ 4 Temp. vSource -
/ B tu /h r - f t^ - B tu /h r-f t^  - Range Purity
s
(^F/ft) (0 F /f t ) /^ F UF
Methyl acetate 0.0931 - 1 . 9 2 9 6 - 1 2 0 7d
Ethyl acetate 0 . 0 8 2 6 - 1 . 62 106-145 6b
Propyl acetate (n-) 0.0796 - 1.40 99-169 5b
Butyl acetate (n-) 0. 0795 - 1 . 2 6 98-170 7b
Amyl acetate (n-) 0.0782 -1.25 96-170 5b
Octyl acetate (n-) 0.0815 -1 .45 104-170 2 b
Methyl propionate 0.0849 - 1. 55 108-145 7b
Ethyl propionate 0.0800 - 1. 55 107-168 7b
Propyl propionate — -
(n-) 0. 0795 -1. 34 108-170 5b
Amyl propionate
(n-) 0.0790 - 1 . 39 106-169 7b
Ethyl butyrate (n-) 0.0781 - 1. 38 107-169 5b
n-Amyl chloride 0.067 6 -0 .85 108-169 7b
1 -Chlorodecane 0.0754 -1.23 106-169 5b
n-Propyl bromide 0. 0571 - 1 . 19 96-136 5b
n-Butyl bromide 0.0581 - 1. 13 103-170 5b
n-Amyl bromide 0 . 0599 - 1 . 0 6 102-170 5b
n-Hexyl bromide 0 .0614 - 1 . 0 2 96-169 5b
n-Propyl iodide 0.0503 - 0 . 9 0 105-170 5b
n-Heptyl iodide 0.0573 - 0 . 9 8 102-169 5b
Nitrom ethane 0. 1170 -1 .97 1 1 0 - 1 6 8 . 5b
Nit roe thane 0 . 0 9 6 2 - 1. 55 1 0 8 - 1 6 8 5b
1 -Nitropropane 0.0873 - 1. 44 110-169 5d
1. Allied Chemical & Dye a. Pure - 99 mol% min..
2 . Brothers  Chemical b. Reagent, Research, Eastm an
3. Carbide &r Carbon Highest Purity.
4. City Chemical c. Technical - 95 mol% min.
5. Eastman Kodak d. Prac t ica l  - 95-98%
6 . F isher Sci.
7. Matheson, Coleman &r Bell
8 . Merck
9. Phillips Petroleum
0 . U. S. Industrial
13
x
about 5 % lower consistently than the values calculated by the co rrec t  overall 
resis tance to heat flow method. The difference is due to surface i r r e g u la r i ­
ties and films(5). This effect may be evaluated also from the overall r e ­
sistance of the b a rs  when in d irec t  contact. The presence of surface i r r e g ­
ularities and films would increase  the resis tance  to heat flow of the bars .
Hence, it was found that if all the surface effects are due to surface i r r e g u ­
larities, they are of the order of 0. 0008 in. Since the metal surfaces were 
carefully machined, plated and highly polished, at least to the same extent 
as in apparatus of other investigators, it is concluded that some of the best 
li terature values of thermal conductivity are about 4 to 5% lower than the 
correc t  values.
The apparatus used by O.K. Bates et al is a thick film apparatus. The 
liquid layer thickness was about 2 in . ,  and the temperature  drop acVoss a 
given liquid film thickness was determined by thermocouples placed within the 
liquid layer wi/th their hot junctions located approximately 1/4 in. apart.r The 
values obtained by O.K.' Bates et al agree well with the results  of this invest i­
gation calculated by the co rrec t  overall resis tance method. This was to be 
expected since the liquid film thickness is determined directly within the 
liquid layer, and therefore is free of surface i r regu lar i t ies  and films.
Although the results  of T. K. Slawecki were calculated by the ex trapola­
tion method they agree with'the author's resu lts  calculated by the overall r e ­
sistance to heat flow method. This is probably due to the fact that the liquid 
layer thickness, in the apparatus used by Slawecki, was determined by e lec tr ica l  
capacitance methods which should give a true average value.
A comparison of the temperature coefficients of thermal conductivity 
for some liquids with li te ra ture  values was/made, and it was noted that the
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temperature  coefficients of therm al  conductivity determined in all thin 
film type apparatus are consistently lower than the values observed in 
this investigation, the values of O.K. Bates et al are consistently higher.
The difference between the values observed in this investigation 
and those of O. K. Bates et al is  due to the effect of heat t ransfe r  by ra d i ­
ation across  the liquid layer  in the apparatus used by O.K. Bates, which 
amounted to about 7% of the heat flow by conduction. O. K. Bates did not 
c o r rec t  for this heat t ransfe r  by radiation. Since for a given liquid film 
thickness the heat t ransfe r  by radiation is  grea ter  for the higher or hotter  
section of the liquid layer than the colder section, the calculated coefficient 
of therm al conductivity will be higher than the co rrec t  value, as noted.
If the resu l ts  obtained by O.K. Bates are correc ted  for the heat flow by 
radiation ac ro ss  the liquid layer, it will be found that the published values 
of therm al  conductivity are  about 0. 8 % high. The correc ted  values of the . 
temperature  coefficient agree in general with the values observed by the 
author .
The low values of the temperature  coefficient obtained with all thin 
film apparatus are m ost probably due to the therm al expansion of the. copper 
cylinde rs .
The accuracy of the results  of this investigation presented in Table 
I can also be shown indirectly by a comparison of the tem perature  coefficients 
for the homologue m em bers  of the alcohol ser ies  which were fairly pure 
liquids. It will be noted that the temperature  coefficients vary regularly 
from member to member >as expected. A  plot of the temperature coefficients 
as a function of the number of carbon atoms was made, and a smooth curve 
drawn through the experimental points. The maximum deviation of any point
from the curve was noted to be + 0.08 x 10“^ B tu /h r - f t^> (°F /f t ) /°F .
For  a tem peratu re  range of 74° F covered in this investigation this c o r ­
responds to a maximum deviation of + 0. 65% in the values of thermal 
conductivity. This includes the deviation due to any impurities  in the 
liquids. The tem peratu re  coefficients for the same liquids determined 
by other investigators vary i r regu la r ly  from liquid to liquid.
Correlation of Results.
The.basic conditions underlying the theory of corresponding states 
have been clearly  stated (2). If all the conditions are met, i t  can be shown
(2 ) that two systems should exhibit corresponding behavior if they are at
i N ;
the same reduced tem perature  and p ressu re  or volume. Most liquids
actually do not meet all the conditions. However, a corresponding states
' )
behavior could a r ise  unde?: some, other circumstances than those given,
although the detailed behavior would be different.
\
Such a situation would arise  when homologous m em bers  of the same 
se r ies  are considered. Hence the condition that all molecules should be 
spherically  symm etrica l  could be changed to mean a group of nonspherical 
molecules having the same shape factor. This changes also the condition 
that the potential energy is a function only of in termolecular  distance to 
a condition in which the potential energy has the same proportional depend­
ence of potential on angular orientation. This permits  the inclusion of 
polar substances. Finally the potential function may have a different shape, 
but it will be^expected to vary uniformly.
The theory of corresponding states may then be stated on a broad 
basis , in a different form. The sam e.m embers  of two different ser ies  will
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exhibit corresponding behavior to the same other m em bers  of the ir  r e ­
spective se r ie s ,  provided they are at the same reduced temperature
/
and p re ssu re .  Since the effect of p ressu re  on therm al conductivity is 
rela tively  sm all  ( 1), the reduced p ressu re  may be omitted from the c o r ­
relation. Hence* a plot of therm al  conductivity as a function of num­
b er  of carbon atoms, for the chain compounds, at the $ame reduced 
tem perature  should resu lt  in a family of curves of s im ilar  shape. Such 
a plot is  shown in Figure 2. As predicted, the curves are parallel and 
have the same shape. The contribution to the thermal conductivity of
i K
a given functional group or atom in the molecule was determined by tak- 
%
ing the hydrocarbon se r ies  as a basis and obtaining the difference be-
/ tween it  and other se r ie s .  These contributions are  presented in Table 2.
J  TABLE 2
Structural  Contribution to the Therm al Conductivity of Liquids at T^s  0 . 6
Aliphatic alcohols — OH dk, B tu /h r - f t2 - (°F /f t)  <,
+ 0. 0070 *
E s te r s  —- C \  -0,0070
O —
Alkyl halides - C l  -0.0168
— Br -0.0248
-  I -0. 0310r
Nitrated Alkanes — NO2 0 *
* The f i r s t  m em bers  of associated se r ies ,  such as alcohols and nitrated 
alkanes, have an abnormally high thermal conductivity^ However, their
• relative values are consistent with the contributions given in Table 2. 
Hence any member of the alcohol ser ies  will differ from a corresponding 
mem ber of the nit ra ted alkane ser ies  by 0 . 0070 B tu /h r - f t2 - (°F /f t) ,  in ­
cluding methyl alcohol and nitromethane. However methyl alcohol will 
d if fe r  more  than 0. 0070 B tu /h r - f t 2 -(°F/ft)  from the f irs t  member of the 
hydrocarbon ser ies  or methane.
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Isomerization
Table 2 (Cont. )
F o r  one -CH3 group 
F o r  two -CH3 groups 
F o r  three - CH3 groups
B onding
One double bond
- 0 . 0 0 6 0  
-0.0104 
-0.0142
+0.0010
Effective Number of Carbon Atoms, x
Aliphatic hydrocarbons 
Aliphatic alcohols 
E s ter  s 
Alkyl halides
Nitrated alkanes
QnH2n+2 
CnH2n+l OH 
CnH2n02 
CnH2n+lCl 
CnH2n+lBr
CnH2n+2l
CnH2n-flN02
x = n 
x -  n 
x = n - 2 
x = n 
x = n + l  
x = n + 2 
x = n
It will be noted that the effective number of carbon atoms, x, is
)•
not the same for all  se r ies .  It is c lear  that the size of the substituted atoms 
or functional groups, and the polarity of the molecule", -which affect the shape 
factor and in termolecular  forces, determine the value of x.
A theoretical equation for predicting the thermal conductivity of 
liquids will be derived in P a r t  II. According to the theoretical equation,
k = Cp Us yO L  ............................................  6
Substituting an empir ical equation for the velocity of sound.in equation 
6 (Part  II) resu lts  in
k  „  c p  r 3  /  L  ................................................ 7
M
k, 
B
tu
/h
r-
ft
 
-(
°F
/f
t)
 
at 
Tr 
= 0
.6
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L E G E N D 
A lcoho ls  • 
Hydrocarbons a 
Esters Acetate □
Propionate^ 
Butyrate n
Alkyl Bromides*
0.13
0.12
0.11
0.10
0.0!
0.08
0.05
0 0 4
0.03
T h e r ma l  Conduc t i v i t y  vs. E f f e c t i v e  Number  of Carbon Atoms
Figure 2
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Values of the -variables involved at 6 8 °F, for  m em bers  of the hyd roca r­
bon and alcohol se r ies ,  a re  tabulated for purposes of comparison.
Liquid Cp L x 1 0 “ 9 C
B tu / lb -°F ft. lb  s /f
r
n-Hexane 0. 534 0 . 2 6 8 14.49
n-Heptane
<
0. 526 0. 251 14. 59
n-Octane 0. 522 0. 245 14. 59
n-Nonane 0. 521 0. 230 14. 59
Ethyl alcohol 0. 575 0 . 259 17. 20
n -P ropy l  alcohol 0. 563 0. 230 17. 02
n-Butyl alcohol 0. 563 0. 217 16.95
n-Amyl alcohol 0. 560 0 . 206 1 6 . 9 0
The ra t io  R /M  has been calculated also for a few liquids:
Liquid R/M
n-Hexane 
n-Heptane 
n-Octane 
Ethyl alcohol 
n -Propyl  alcohol 
n-Butyl alcohol 
Methyl acetate 
Ethyl acetate 
n-Propyl  acetate
0 . 369 
0. 362 
0 . 358 
0. 318 
0. 318 
0 . 319 
0. 273 
0 . 280 
0. 28 5
It will be noted that the specific heat and the cri tical density are  
approximately constant for m em bers  of the same se r ies ,  whereas the in- 
te rm olecu lar  distance, L, varies  somewhat from member to member. At 
the c r i t ica l  tem peratu re  equation 7 may be expressed as follows
k = C Y ........................................................   8
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where C = Cp , group constant for a given se r ies
Y = L / group consisting of additive factors .
Neglecting the small  variations observed, the function Y may also be 
taken as  a constant for a given se r ie s .  Hence it may be predicted, as
a good approximation, that at the c r i t ica l  tem perature  the therma^\con-
- ■ v
ductivity of a homologous se r ies  will be a constant and the same for all
the m em bers  of the se r ie s .  A plot of therm al conductivity of a given 
se r ie s  as a function of reduced tem perature ,  with the number of carbon
atoms as a param eter ,  will resu lt  in a family of curves converging to
/
a point at T r  = 1.0. Such a plot for the hydrocarbon ser ies  is shown
in Figure 3.,, Only the las t  five m em bers  of the se r ie s  were studied, the
other m em bers  are  used as a reference for the other se r ies .  It will be
/
noted that, as expected, the convergence points for both the normal and 
associa ted liquids are  arranged in the o rder  of their  relative cr it ical 
densitie s.
The method of calculation will be shown by an example. 
Illustration 1, Calculate the therm al conductivity of i-butyl alcohol at 
100. 0°F.
D ata . Tc = 995. 0°R
Effective carbon atom number ,!^ x = n = 4
Structural contribution — OH +0. 0070
1 Isomerization -0.0060
net +0 . 0 0 1 0
In Figure 3 locate the reference point for butane, at Tr = 0 . 6 , 0.0775. 
Add 0. 0010 and locate new point, p. 0785. Connect the new point with
r '
the convergence point for alcohols by a straight line. Read the value of
O
iu
/h
r-
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therm al conductivity at T r = 0. 563 (100. 0°F) r
k =  0.0818 B tu /h r - f t 2 -(°F/ft)
The observed value at the same temperature is 0.0803 B tu /h r - f t2- 
(°F  / ft).
This method of correla t ion  was used to predict the therm al 
conductivity of the liquids tested in this investigation. Representative 
results  a re  presented in Table 3.
The average deviation of the calculated from the observed 
values of therm al conductivity for the 47 liquids is + 1. 50%. The m ax­
imum deviation is about + 6 . 0%. Considering the purity of the liquids 
involved, the observed average deviation is satisfactory. It will be 
noted that the method of correla tion  was tested both with respect  to the 
therm al  conductivity and its temperature  coefficient.
At any one temperature , the thermal conductivity appears both 
to increase  and decrease  with increasing molecular weight, as in the 
case of the hydrocarbons and aliphatic alcohols respectively. At the 
same reduced tem perature  however, the thermal conductivity for all 
liquids decreases  with molecular weight.
This method of correlation permits  the calculation of the thermal 
conductivity of a ser ies  of liquids at any temperature from a single 
known value for one.member. The convergence point may be es tab l ish ­
ed readily from its crit ical  density. A straight line connecting the 
known experimental value with the convergence point will pass through 
the T r = 0.6 point. The effective value of x can be determined from
the structure  of the molecule. The value read at 0. 6 T c and the
TAB LE 3
Comparison of Some Experimental Values of Thermal Conductivity with Values 
Calculated by Correlation Based on the Theory of Corresponding States.
Liquid Tc, °R T r kcalc.a hob s . a % Dev.b T r  ' kcalc.a kobs.a % Dev.*3
n- Heptane 972. 0 0.567 0. 0738 0.0737 +0. 14 0.648 0. 0637 0. 0634 +0.47
n-Nonane 1 0 6 0 . 0* 0. 520 0.0785 0.0787 +0.25 0.595 0 . 0691 0.0685 +0.87
Heptene-2 975. 0* 0.565 0.0755 0.0759 -0.53 0.646 0.0651 0.0656 - 0 . 6 1
n - Propyl alcohol 9 6 6 . 0 0.574 0 . 0922 0.0917 +0.54 0.650 0. 0840 0. 0847 -0.83
n-Hexyl alcohol 1 1 0 2 . 0* 0.502 0.0867 0.0884 -1.92 0.571 0.0807 0.0813 -0.74
Methyl acetate 912.0 0 . 6 1 0 0.0935 0.0939 -0.43 0.635 0. 0887 0.0893 -0. 67
Amyl acetate (n-) 1 0 9 0 . 0* 0.510 0,0782 0.0788 -0.76 0.578 0.0695 0.0695 0
Ethyl propionate 984.0 0.565 0.0807 0.0808 -0 . 1 2 0.635 0.0703 0 .0699 +0. 57
Ethyl butyrate (n-) 1 0 2 0 . 0 0. 555 0.0768,
0.0745
0.0771 -0.39 0 . 616 0.0683 0 . 0 6 8 6 -0. 44
1 -Chlorodecane 1340.0* 0.422 0.0747 -0.27 0.469 0. 0683 0 . 0669 +2 . 10
n-Hexyl bromide 1 2 1 0 . 0* v 0.460 0.0613 0 . 0 6 1 8 -0.81 0. 520 .0. 0544 0. 0544 0
n-Propyl iodide 1074.0* 0.526 0.0510 0. 0498 +2'. 41 0.586 0. 0445 0.0440 + 1. 13
Nitroethane 1004.0* 0 , 566 0.0945- 0.0950 -0.52 0.625 0.0860 0.0857 +0.35
2-Methyl pentane 895. 0 0.640 0. 0637 0.0630 + 1 .1 1 0.650 O'. 0591 0.0596 -0.84
2-, 2-Dimethyl *
butane 885.0 0 . 6 1 6 0.0590 0.0574 +2.78 0.644 0.0560 0.0551 + 1.63
2 2 4-Trimethyl
pentane 9 8 0 . 0 0.573 0. 0575 0.0559 +2 . 8 6 0.644 0. 0507 0.0486 +4.31
i-Butyl alcohol 995. 0 0.555 0.0825 0.0808 +2 . 1 0 0.632 0.0757 0.0746' +1.47
* Estimated values a. k = Btu/hr-ft^-{°F/ft) b. Per cent Deviation of calculated from ob­
served values.
effective value of x will establish, the structural contribution of the 
functional group in the ser ies .  The thermal conductivity at any tem ­
perature ,  for any member of the ser ies , j.5 then readily determined. 
The required single value may be calculated from the theoretical equa­
tion presented in Par t  II, in which case no experimental data are need­
ed.
Summa ry
Observed values of thermal conductivity and temperature co­
efficients are presented for 53 pure organic liquids. Values of thermal 
conductivity or temperature coefficients for 3 1 of these liquids have 
not been previously reported. It is indicated that, the best lite ra ture 
values of therm al conductivity are most probably low, on account of 
surface effects that were not considered in most investigations.
A method of correlating the thermal conductivity of liquids
1 —
based on the theory of corresponding states has been presented, and 
tested on a large number of liquids. The thermal conductivity of a 
se r ies  of liquids may be determined from one known value, at any one 
 ^ temperature, of one of its members.
NOTATION
A = heat t ransfe r  area, normal to heat flow, ft^
Cp — specific heat at constant p ressure ,  B tu / lb -°F
C = group of constants v-
k = thermal conductivity, B tu /hr-f t^ -(°F /f t )  ^
L# = mean available intermolecular distance, surface to surface, ft
M = molecular weight, lbs
n = number of carbon atoms
q = rate of heat flow, B tu /hr
R = resistance to heat flow, °F -h r /B tu
t
R = additive constant
T = absolute temperature, °R
t = temperature, °F
Us = velocity of sound, f t /sec
x = effective number of carbon atoms
x = thickness, ft
Y = group of additive factors
/> = density, lbs/ft^ ^
A t = temperature  drop, °F
Z (A t)  = overall temperature drop, °F
Subscripts
c = critical S = steel
L = liquid T = total
r = reduced
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STUDIES OF THERMAL CONDUCTIVITY OF LIQUIDS
FART II
In P a r t  I (16) of this se r ies ,  the values of therm al conduc­
tivity observed in this investigation were correla ted on the basis  of 
a modified statement of the theory of corresponding states. This 
method of correla tion  perm its  the calculation of the thermal con­
ductivity of a se r ie s  of liquids at any temperature  from a single 
known value of one member. Further ,  the c r i t ical  density for any 
one member must be known,' to establish a convergence point for 
the se r ie s .  Another constant required is the effective number of 
carbon atoms which can be determined by an examination of the struc 
,.ture of the m em bers  of the se r ies .
This pa r t  of the se r ies  presents  the results  of an attempt to 
derive a simple theoretical equation for the prediction of thermal 
conductivity and its temperature  coefficient, with no experimental 
information.
The equation is derived on the basis of a particular  molecu­
la r  arrangement in the liquid, consistent with the results  of X-ray 
diffraction studies in liquids. The equation is applicable to both 
normal and associated liquids. The success of the equation in p r e ­
dicting the therm al conductivity of liquids justifies indirectly the a s ­
sumptions made in its derivation, and throws light on the mechanism
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of heat conduction in liquids.
The equation has been tested on a large number of liquids.
The experimental data were presented in P a r t  I ( 1 6 ),
Previous Work
A number of equations, mostly empirical,  for predicting the 
therm al conductivity of liquids have been presented. None of the 
theoretical equations appears to be satisfactory. The predicted val­
ues of thermal conductivity vary widely from experimental data. The 
empir ical  equations relating the therm al conductivity to other liquid 
propert ies  are  little bet ter .
The theory of the liquid state has not been developed to the 
point where a satisfactory equation for the therm al conductivity may 
be a rr ived  at without vitiating assumptions. A s a  resu lt  an equation 
with as  simplified a theoretical background as possible is desirable .
One such equation was f irs t  developed by P. W. Bridgman (1 )
in 1923. He assumed that the liquid molecules were arranged in a
cubical lattice, at a distance d ft. apart,  vibrating about centers,
v
/  XX \ 1/ 3d = (----- M---------)
V N p  J
\ • —
The total energy of a molecule was taken as 3RT/N (3/2 RT/N 
kinetic energy and 3/2 RT/N potential energy) or 1/2 RT/N for each 
degree of freedom. This was assumed to be propagated along a row 
of molecules with the velocity of sound, Us f t /sec .  in the liquid.
He obtained the equation
k = 3 R ° 3 B tu /h r - f t2 -(°F/ft)
N d2
Kardos (8 ) in 19 34 modified Bridgman’s equation to avoid 
specifying the amount of molecular energy. He considered an en ­
ergy drop between adjacent molecular surfaces. Further , he sub­
stituted the distance, L, between the surfaces of adjacent molecules 
instead of the distance, d, of their  centers. He arrived, by a r e a ­
soning s imila r  to that of Bridgman, to the following relation
k s L Us ^  Cp
He recommended that L be taken as a constant equal to 3. 1Z x 10"*^
The therm al conductivity of 6 liquids selected at random was 
calculated using Bridgman’s and Kardo’s equations. The maximum 
deviation of the calculated from the observed values of therm al con­
ductivity was found to be + 40%. This indicates that the equations 
are satisfactory only in predicting the right order of magnitude for 
the thermal conductivity.
The theoretical equation proposed by Kardos will be derived 
once more on the basis  of recent developments, and methods for de­
termining the variables involved given. It will be shown that, when 
the variables involved a re  properly evaluated, the predicted values 
of therm al conductivity agree well with the values of thermal conduc 
tivity observed in. this investigation.
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Basic Concepts. The liquid state differs from the gas state 
in that the individual molecules are affected considerably by the p r e s ­
ence of the ir  neighboring molecules. It differs from the solid state 
in that the molecules hava a certain  degree of freedom On the m a c ro ­
scopic scale. The setting up of a temperature  gradient across  a
liquid layer should resu l t  in the formation of isothermal planes of liq-
*
uid molecules having the same mean energy. This arrangement will 
cause the molecules to move in the direction of heat flow only* Due 
to the large inte rmolecular  forces existing in the liquid state, only a 
small fraction of the total energy is t ransfe rred  by individual mole­
cules over relatively long distances. The greater  part  of*energy 
t ran s fe r  takes place by the distant action of neighboring molecules, 
much in the same way that mechanical motion is t ransfe rred  from point 
to point along a vibrating network of spheres connected by springs. F u r ­
ther,  as a good approximation, it can be assumed that, on the average, 
the energy t ra n s fe r re d  in a given time by a molecule moving freely
in the  direction of heat flow is equal to that t ransfe rred  by a molecule 
vibrating about a mean position during the same time. This simplified 
model is substantially in agreement with the "cybotactic sta te11 p ro ­
posed by G. W. Stewart and co-workers (17, For other references
see files Dept, of Chemical Engineering) for isothermal conditions.
I
G. W. Stewart attr ibutes a ’’m icro-crysta l l ine"  s tructure to a liquid 
by assuming the presence of a large number of "cybotactic
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g roups .” These groups are not permanent and do not have sharp 
boundaries as in a crystal.  Rather, over any appreciable time, 
there are a g rea te r  number of these groups than of groups having 
completely disordered arrangement.  The more elongated the mole­
cule, as in a chain, the better the arrangement within the groups. 
The existence of a temperature gradient in a liquid layer should 
favor such an internal molecular  arrangement.
Consider the case of a long chain hydrocarbon liquid, such . 
as n-Heptane (Similar considerations apply to different shaped mole- 
cules). The molecules in the liquid layer are oriented end to end 
on long chains on a two dimensional pattern. The chains or layers 
repeat-themselves throughout most of the liquid layer. Occasionally 
some chains are disordered  by molecules assuming different o r ien ­
tation. Some groups may be broken up and new ones formed. The 
process  of heat conduction may be visualized as shown in Figure 1.
t i > t 2
I—
I
l Z
r
D
Figure 1
^999999
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In step A  the molecules, represented by shaded rectangles, 
are in an assumed starting position. In step B molecule 1 moves 
towards a hotter molecule while molecules 2 and 3 move towards 
each other to collide. Molecule 1 on reaching the hotter molecule, 
collides with it, picks up excess energy and s tar ts  back. In step C 
molecule 1 collides with molecule 2 , gives up its excess energy and 
bounces ba.ck towards the hotter molecule again. In step D m ole­
cule 2 collides with molecule 3 giving up its newly gained excess 
energy. Steps B and C are repeated indefinitely. There is little 
or  no la tera l  motion since adjacent molecules have the same mean 
absolute energy, and since the container walls are well insulated.
s
In Figure 1 the c ross-sec t ional  a rea  of the molecules is rep -  
resented as a rectangle. No molecule has such sharp edged boundar­
ies. X-ray diffraction studies of the internal s tructure of molecules 
show that the carbon atoms in the molecule are arranged in a zig-zag 
pattern  at definite angles and distances apart,  with the hydrogen atoms 
attached at definite positions in the chain.
If each atom is visualized not as a point m ass, but as d i s t r i ­
bution of charges in space, the molecule will appear like a rod with 
rough edges. The space occupied by this rod cannot be penetrated 
by any other molecule, and represents the minimum volume or m olecu­
lar  volume at absolute zero, vQ- For purposes of calculation it is 
e as ie r  to represen t  the minimum volume by a parallelopiped whose
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height and width, d, equals the d iam eter  of the rod. The c ross  s e c ­
tion of the molecule then may be represented  by d rectangle as in F ig ­
ure 1 .
At the absolute zero  the m olar  volume, V0, is simply the sum 
of the minimum molecular  volumes or.
As the tem perature  inc reases ,  the molecules begin to vibrate and the 
m olar volume inc reases .  The difference between the molar  volume,
V, at a given tem pera tu re ,  and that at absolute zero is simply empty
space within which the molecules move. As a consequence of the a s -
\
sumption made above, that the molecules vibrate about fixed equili­
brium  positions, the available volume, Va a V - V0» will be distribut 
ed around the minimum molecular volume, as shown in Figure 1 by 
dotted lines. It is c lear therefore that according to the suggested 
mechanism of heat conduction, the significant in termolecular  distance
is the available distance between the molecular surfaces, L, and not
/*
the molecular  d iameter  d.
Derivation of Equation. Consider an energy drop of
(d-T)
per molecule along a row of molecules in the direction of heat flow, 
where x = d + L».
Assuming that heat is t ransmit ted  through the liquid with a velocity
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equal to the velocity of sound in the liquid, Us, the total energy, 
passing a fixed point in a row of molecules per unit time, is the
product of the energy difference and the number of steps contained
)
in a row U9 ft. long, or
-L cm (£) m
The total energy transfe r  across  unit a rea  is the product of the e n ­
ergy transfe r  across  a single row and the number of rows in unit 
cross  section, or
a. = ( - H  \  J L ............... 3
A \  dT /  \  x J  \  d x  J  (yz)
where yz .= c ross  sectional a rea  corresponding to the dimension x.
The equation for heat conduction per unit a rea  is stated as
3_ = - k «    4
A dx
Substituting equation 3 in 4, and solving for the thermal conductivity 
resu lts  in
(  dQ/N ^ f  L , \  1
k = \  dT A  x /  (yz) Us ............................................
Since by definition
/  dQ /N \ = MCp
\  dT / p  N
where M = molecular weight, lbs
pCD = specific heat at constant p ressure ,  B tu / lb -°F
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Also the molecular volume, v, Is
Myzx =
yON
where yO = liquid density, lb s / f t3.
Substituting equations 6 and 7 in 5, and cancelling te rm s,  results  in
k = Cp Us p  L. ............................................................. 8
where Cp = Specific heat at constant p ressure ,  B tu / lb -°F
Us = velocity of sound in the liquid, f t /h r
p  = liquid density, lb s / f t3 
L» s available intermolecular distance, ft.
k = therm al  conductivity of liquid, Btu/hr-ft^-(OF/ft)
The significance of the inte rmolecular distance L will be shown by
considering the case of n-Heptane.
n-Heptane at 6 8 °F .
Data. k = 0.0767 B tu /h r-f t^ -(°F /f t) ,  value observed in this in ­
vestigation
Cp = 0. 526 B tu / lb -°F
p  a 42. 60 lb s / f t3 
U8 = 1. 364 x 107 f t /hr .
Substituting the given data in equation 8 , and solving for JL results
in Li = 0.251 x 10"^ ft.
X-ray diffraction studies by G. W. Stewart and co-workers
have shown that the d iameter  of the heptane molecule at about 6 8 °F  
q ' o
is 1.77 x 10 ~ y  ft ( 5. 40 A ). This diameter actually corresponds to 
the dimension x shown in Figure 1, or
, d + L = 1. 77 x 10- 9  ft.
It was stated above that the - mole cular volume for heptane may be taken 
as a parallelopiped, or:
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NV = v  * ..............................9
v = /o n  = (d + L) y z .................................................7a
and M
?
where since z = x = d + L
v = (d + L)2 y ............................................................... 7b
Substituting values in equation 7a, results  in
, 1 x ^ 7 3  xY62<> “ 8.61 x 10*27 ft3
and 8 . 61  x 1 0 ” 27  _o
y a --------;--------------- = 2.752 x 10 7 ft
(1. 77 x 10" 9 ) 2
It will be shown in the Appendix that the dimension y is actually 
equal to the molecular length 1 , or in other words there is no avail­
able volume between the ends of the molecules in a given layer, as 
if the molecules we re arranged in long continuous chain. If the in- 
termolecular  distance L is the only available distance, it should be
L
possible to calculate the minimum molecular volume at absolute zero 
as follows
v o  -* ’J 2
Hence
v0 -* d 1    10
v,
d = 1. 77 x 10‘ 9 - 0.251 x 10’ 9  = 1. 519 x 10 ' 9 ft.
o a ( 1.519 x 10“9 ) 2 (2.752 x 10-9 ) = 6 . 35 x 10- 2 7  f t3
*
If the density at absolute zero is available, the obtained answer can 
be checked. However the results  can be checked by a different method 
if the cri tical djensity is known. For n-Heptane, yOc = 14. 58 lbs /f t  .
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The cri tical vblume is next calculated by equation 7, or
vc = ---------L °0^0------- 6 .  25.2 x 10-27 ft3
0 14.58 x 2.73 x lO20
The ratio of the c r i t ica l  volume to the volume at absolute zero is
rv, _ „  /„ _ 25.2 x 1 0 '27 „m -  vc /v0 = ,______________ _ 3 . 9 6 5
6.35 x 10‘27
It is important to note that according to van der Waals equation 
V c  = 3 vQ
Further  it is found experimentally that vc is more nearly equal to
4 vo than 3 v0, in agreement with the value calculated above.
)
Berthelot 's  equation gives
vc = 4 Vo­
lt is clear then that, if the ratio  of the cri t ical  volume to the 
volume at the absolute zero is known; the thermal conductivity of a 
liquid can be calculated by reversing the illustrated procedure. For 
the case of n-Heptane the ratio m was calculated by a method given 
in the Appendix, and found to be equal to 3.98. Using this value of m, 
the thermal conductivity of n-Heptane was found to be 0. 0773 Btu/ 
h r- f t^ - (°F /f t )  or 0.8% higher than the observed value.
It should be emphasized that the value of L will vary from 
liquid to liquid, and is a function of temperature, becoming zero at 
the absolute zero. Kardos erroneously assigned a constant value to it.
Methods of calculating the variables involved in equation 8 
are given in the Appendix.
Comparison with Experimental Values. Equation 8 was used 
to predict the therm al  conductivity of the liquids used in this invest i ­
gation (16). The variables involved were calculated by the methods 
outlined in the Appendix. Representative results  are shown in Table 1.
In the calculation of the therm al conductivity of isom ers  it was
»*
noted that a systematic  deviation occurred. This was corrected as 
follows
F o r  iso m ers  where n = 1 vc / yo = vc /vo (eq. 20) - 0. 23
(See Appendix, Table 4)
F o r  higher values of n the correction is probably 0. 23n, but there
are  no data available yet to substantiate this.
The average deviation of the calculated from the observed val­
ues of thermal conductivity for 42 liquids was found to be 2. 6%,
The maximum deviation was about + 6%. Considering the e r r o r s  in ­
troduced by the necessity  of estimating two or more variables for some 
liquids, and the purity of the liquids involved, the observed average 
deviation is satisfactory.
The method of calculation will be shown by an example
i
Illustration 1. Calculate the thermal conductivity of Propyl acetate at
Us = 3942 ft/sec
JO  c = 18.42 lb s / f t3
Tf = 321.0° R
68° F.
Data. Cp = 0. 459 B tu / lb -°F
P = 55.40 lb s / f t3
T c = 988. 5° R
TABLE I
Comparison of Some Experimental Values of Thermal Conductivity with 
Values Calculated by Theoretical Equation 8, at 68° F.
Liquid ^obs. Cp Us yO
Btu /hr-ft^- Btu/lb- ft/sec. lbs/ft^ 
" (°F/ft) °F~
LxlO“  ^ ^calc. %^ev. 
ft. Btu/hr-ft^
(°F/ft)
n-Heptane 0.0767 0.526 3786 42.60 0.253 0.0773 + 0.8
n-Amyl alcohol^ 0.0892 0.560 4111 50.70, 0.218 0.0916 +2.7
Octene -2 0.0814 0. 503* 3973* 45. OO' 0.249 0.0806 -1.0
n-Octyl acetate 0.0861 . 0.485* 4240 54.20 0.207 0 .083J -3.6
Ethyl propionate 0.0850 -0.457 3940* 55.50 0.239 0.08&L + 1.2
Ethylene glycol 0.1498 0.575 5490 69.40 0. 181 0.1428 -4.9
Glyce rol 0.1772 0.570 6249 78.60 0. 172 0.1734 -2.2
2-, 2-Dimethyl butane 0.0590 0.518 3320* 40.45 0.231 0.0579 -1.9
i-Propyl alcohol 0.0844 0.596 3900 49.00 0.214 0.0877 +3.9
n-Amyl bromide 
n-Propyl iodide
0.0633
0.0532
0.295*
0.205*
3720*
3190*
75.9a  
109.00 \
0. 207
0I 2 IO
0.0621
0.0539
-1.9 
+ 1.3
n-Amyl chloride 0.0703 0.440* 3885* 55.00 0.216 0.0731 +4.0
* Estimated values
a. Per cent deviation of calculated from observed values of thermal conductivity
b. For methyl and ethyl alcohol, nitromethane and nitroethane, the molecular length is much
smaller than the diameter, and a different molecular arrangement becomes necessary
u>
v O
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i. Calculation of ratio of cri tical to minimum molecular volume,
vc/vo
Equation 20
/ ° f  = / >68°F = 0. 1473 (Eq. 22)
CO/loOtt O
68°F = 0. 1298 (Eq. 22)
/ ° f  = 62.95 lb s / f t3
/ V ^ c  ■ 2 ( 1  - l8- 42 ')
° - v \  18.42 '  \  988. 5-321. 0 / J
A . /  A c  = 4 - 0 9
No. correction for isomerization.
oii. Calculation of minimum molecular volume, v
vo = vc /4. 09
M _ 102. 13 27 r 3vc =   "     = 20. 3 x 10 ft^
y O c  N 2. 73 x 1026 x 18. 42
-v0 = 2 0 .  3 X  1 0 ' 2 7 / 4 .  09  X  4 .  9 5 2  X  1 0 ' 27  f t 3 .
iii. Calculation of inte rmolecular length, L
2 i Mv = x 1 =
A N
° -9x = 5.03 A = 1. 650 x 10 7 ft (Table 4)
1 = M - - = 2. 480 x 10“9 ft
yO N x 2
d = / I ^ \ 1/Z = / 4.952 x 10-27 \  ^ 2 = 1<415' x 10-9 ft 
V 1 J  \  2.480 x 10-9 J
_i_i = x - d
L = ( 1. 650 - 1.415 ) x 10-9 = 0 . 2 3 5 x 1 0 - 9  ft
41
iv. Calculation of thermal conductivity, k
Equation 8 k = Cp Us J O  L 
k = (0.235 x 1 0 '9) (0.459) (55.40) (3912 x 3600) 
k = 0.0841 B tu /h r - f tZ-(°F/f t)
The observed value is 0. 0841 B tu /h r- f t^ - (°F /f t )
Temperature  Coefficient of Thermal Conductivity. The thermal 
conductivity of a liquid at a temperature other than 68°F can be p r e ­
dicted by substituting the appropriate values for the specific heat, 
velocity of sound and density. The inte rmolecular distance increases  
somewhat with increasing tem perature ,  but not as much as would be 
expected from corresponding density changes. Since the coefficient 
of thermal expansion for many liquids is about the same, the effect 
of temperature on the in termolecular  distance was determined for 
a few liquids f rom the known thermal conductivity, and the result ap ­
plied to other liquids. It was found that
fLil = 0. 0055 x 10-11 f i / ° F  .......................................................................11
d t
Calculated and observed temperature coefficients of thermal 
conductivity for a few liquids, for which reliable values of the p ro p e r ­
ties involved are  available, are presented in Table 2.
The calculated and observed temperature coefficients agree 
fairly well. The coefficients for ethylene glycol and glycerol are posi­
tive due to the small negative temperature coefficient of the velocity of 
s ound.
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T A B L E  2.
C alculated and Observed Temperature  
Coefficients of Thermal Conductivity 
dk/dt x IQ-4, B tu /h r - f t2 - (°F /f t)  / °F
30CLiquid Calculated Observed
n-Hexane -1. 39 -1.40
n-Heptane - 1. 44 -1. 30
n-Octane - 1. 22 -1. 15
n-Propyl alcohol -0. 78 -0 .95
n-Amyl alcohol -0. 78 -0.91
Ethyl acetate - 1. 22 ‘"O&L - 1 . 6 2
2-Methyl pentane -1. 05 - 1 . 0 0
2-, 2-, 4 -Trimethyl hexane -1. 17 -1.05
Glyce rol + 1. 00 + 0. 53
Ethylene glycol + 0. 27 + 0. 36
The effect of temperature  on the in termolecular  distance was e s t i ­
mated by equation 1 1 .
(f*
Since the density, velocity of sound and specific heat vary 
linearly with temperature ,  at tem peratures  sufficiently removed from 
the melting point, it will be expected that the thermal conductivity will 
also vary linearly with tem pera tu re  in this region.
Summary
An equation for predicting the thermal conductivity of pure 
organic liquids and its temperature coefficient has been derived, and 
tested on a large number of liquids. Methods are given for predicting 
the variables involved where no data are  available.
The equation is applicable to both normal and associated l iq ­
uids. The only assumption involved in its derivation is a particular 
molecular arrangement in the liquid. In calculating the intermolecular
distance for chain compounds the assumption is made that the mole­
cules are aligned, like rods in a bundle, perpendicular to the d i re c ­
tion of heat flow. This arrangement is a good approximation for long 
chain molecules. For  shorter  molecules, the disorder increases , 
and the molecular arrangement changes. The method is applicable to 
other shape molecules as well. (For ring compounds see P a r t  III). 
Although no data are given at this time, the intermolecular distance 
for ring compounds is calculated on the assumption that'the rings are 
stacked like coins with their thickness perpendicular to the direction 
of heat flow. This arrangement is verified by X-ray diffraction data 
of liquids and solids. For very small molecules, such as carbon 
te trachloride, methyl chloride, and chloroform, the molecular volume 
is considered as a cube. In this case no X-ray diffraction data are 
neces s a ry .
APPENDIX 
Calculation of Variables in Equation 8 .
Specific Heat. Reliable values of the specific heat of 
liquids are  difficult to obtain. The most reliable values for a num­
ber of liquids have been collected by J. Timmermans (20), and re f ­
erence to it is recommended. For  other liquids the specific heat 
may be calculated from the specific heat of its ideal gas by the meth­
od proposed by Hougen and Watson (7). Chow and Bright (2) propos­
ed an empirical  method for predicting the specific heat of homologous 
se r ies  of liquids. A new method for calculating the specific heat of 
liquids, at constant volume and at constant p ressure ,  has been devel- 4^  
oped by the author and will be published later.
2. Density. Values of the liquid density at 6 8 ° F are readily 
available. For  values at other tem peratures  reference to the book on - 
Physico-Chemical constants (20) should be made. Where no data are 
available, the method of Generalized Liquid Densities proposed by 
Watson (23) is recommended.
3. Velocity of Sound. Few values of the velocity of sound in 
liquids have been published in handbooks. A li terature survey was 
made by thk author (15), and data on a large number of liquids were 
collected and classified. The results  were published in a bulletin, and 
reference to it is recommended. In it, a number of methods proposed 
by various investigators for predicting the velocity of sound in liquids 
were also given,
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T A B L E  3.
Structural Contributions to the Velocity of Sound 
Basic Radicals R
CH4 9.50
o
0
H
C — 
D
O
— I, “ NOz
23.  25
27 .  50
^  3 3 . 6 7
Additional Radicals or Atoms
— C —  , — C H —  , —  C H 2 —  * —  C H 3  4.47
^ —  O — 6 . 2  5
- c r  2 . 3 0
4. 47
— NH— 3.27
—NH2 2.45
— C OzH 4.83
— C =  N 4. 20
—O — 1.40
— OH 0.70
— Cl 3.13
— Br 3.55
4. 58
— S . = S  2- 82
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T A B L E  3. ( C o n t in u e d )
Bonding R
-1. 30 
- 2 . 60
Position
o  —
m — 0.30
p — 0.60
One of the simplest relations was proposed by Rao (14). He 
pointed out that
u * ■  ( - - £ - )     • 12
He indicated that R is substantially independent of temperature , and
I
that it is an additive function of the molecular s tructure , as in the case 
of the parachor.
Calculations on.a large number of liquids made by the author 
indicated that the s truc tura l  contributions to the velocity of sound as 
given by Rao had to be modified, if the relation was, to hold at all. As 
a result,  modified structural contributions were proposed (15). Addi­
tional work has resulted in a different set of s tructura l  contributions 
to the velocity of sound that appears to correla te  the data more s a t i s ­
factorily. These s tructura l  contributions are presented in Table 3. 
Each compound is considered as composed of a basic group which is 
modified by the substitution of other groups for atoms comprising it.
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Hence all liquids having a chain structure are considered as derived 
from methane. Similarly any compound having a ring is considered 
as derived from benzene, cyclohexane, or naphthalene as the case 
may be. The con/ributions of the four basic groups are given in
Table 3. The method of calculation will be shown by an illustration.
Illustration 1. Calculate the velocity of sound in m - Chlorotoluene 
at 6 8 ° F.
Formula = m -CH 3C^H4 Cl
Mol. wt. = 126. 58
JO = 6 6 .  7 5  l b s / f t 3
Base group (benzene) 23. 25
— CH3 1 x 4. 47 4. 47
— Cl 1 x 3. 13 3. 13
m - position 0.30
R = 31. 15
~ . . 31.15 x 6 6 . 7 5 \ ^
U = I /  \ = [ ■ ■ -■   ) = 4410 f t /sec .
R p
\  M /  ^ 126. 58
The value observed by J-iagemann, McMillan and Woolf (9) is 4324 f t /sec .
The independence of the constant R with temperature will be
shown for the case of n-Heptane
Temperature, °F Robserved*
68  V 3 6.70
8 6  36.70
104 36.70
122 36.72
140 36.75
* Calculated from the data of F reyer ,  Hubbard and Andrews (5).
The velocity of sound for 135 pure organic liquids of all 
chemical types, using the s tructura l  contributions given in Table 3, 
was calculated by the author and it was found that the average de­
viation from the experimental values was + 2.6%. The maximum 
observed deviation was + 8 . 0%. Comparison of experimental values 
showed that the most reliable values may vary by about 1 to 2 %. 
Extreme values vary by about 6 %. It must be noted that equation 12 
is applicable to both normal and associated liquids.
A  sem i-em pirica l  equation for predicting the velocity of 
sound for normal liquids Only has been proposed by Tsien (21). Ref- 
erence to it may be made.
4. Inter molecular Dis tance. In order to calculate the ava i l­
able in termolecular  distance L, the following variables must be 
known accurately
i. x, equal to d + L
ii. vc, critical volume
iii. vc /v 0, ratio of crit ical  to minimum molecular vol­
ume.
i. Dimension x. The dimension x is determined by X-ray 
diffraction measurements . One method of analyzing the results  is 
by using the simple Bragg law
n X = 2 s sin 1/2 (j)   13
The pr im ary  normal alcohols/exhibit two scattering peaks.
One of these has been identified as corresponding to the molecular 
length 1, and the other as the molecular d iameter x, or distance 
from cent.e.r to center of adjacent molecules. Thus for n-amyl a l ­
cohol
s = 4. 48 .X 
s 2 = 13.10 A
The dimension a \  corresponds to the molecular d iameter x, and 
is observed to remain constant from member to member of the ser ies ,  
as expected. The dimension s^ corresponds to the molecular length 
and is observed to increase regularly as the number of carbon atoms 
increases .  Actually the dimension s^ represents  two molecular 
lengths, where the alcohol molecules appear to be arranged in pairs 
head to head.
Strictly speaking, Bragg1 s law is applicable only when in te r ­
ference occurs over a large number of regularly spaced layers as  in 
a crysta l.  In the case of liquids the number of such layers that may 
be considered as regularly spaced is probably not large. In the ex ­
treme case of only two diffracting centers it has been shown (3) that 
the diffraction maxima occur at
^  = Z f  s sin l /2 ^ $     , 14
This differs from Bragg 's  law by the factor ( n + 1 ) / n, and indi­
cates that for a real liquid the correct formula will be intermediate
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between equations 13 and 14.
An alternative method, applicable s tric tly  to liquids which 
consist of spherical molecules, has been developed by Zernicke and 
Prins  (24), Debye and Menke (4). This method consists of d e te r ­
mining the radial distribution of molecules based upon the observed 
scattering intensity. However, unless the data have been obtained 
with high precision over a large range of s values, it may be ques­
tioned whether a more reliable value of the spacing is obtained by 
the radial distribution method than by Bragg 's  law (3). In any case 
the values found by the two methods differ by only a few per cent.
Since for the calculation of the thermal conductivity it is 
important to know the molecular diameter x, a survey of literature 
on scattering of X-rays by liquids was made by the author . The
t;-*'
publishing data were recalculated on the basis of the equation
1. 14 A = 2 s sin 1/2 < b ................................................  15
which is intermediate between equations 13 and 14 for n = 1.
Only the molecular d iameter x was considered, since the 
remaining dimensions can be calculated from the geometry of the 
molecule and the liquid density. Actually many liquids, notably the 
hydrocarbons, show one diffraction peak only, corresponding to the 
x dimension.
It may be noted that these dimensions, determined from 
scattering data, can be used to calculate the liquid density on the basis
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of the proposed molecular arrangement. So that for alcohols
v = ( s2/2) Si   7c
and from equation 7a
M M
/>  = 2“
8 8 . 15
N v N(s2 /2 )s i
F o r  n-amyl alcohol
/  " 2/73 x 102 6 _ (6 . 55 x 1. 14 x 3.28 x 1 0 - 1U)(4 . 48x1. 14x3. 28 x lO- 1 0 ) '4
O  = 47.0 lb s / f t3
s ' '
The observed liquid density at 6 8 °F  is 50.7 lbs/ft^.
The bulk of the li terature data (References see files Dept.
of Cherri, Engr. ) is summarized in Table 4.
TABLE 4.
Molecular Diameters  x, R ,  of Pure 
Organic Liquids from X-ray Diffraction Measurements
at 6 8 ° F 
Straight chain molecules
C i a C4
Acids 4. 10 4. 70 5. 00 5.20
Alcohols 4. 30 4. 60 5.09
Aldehydes 4. 45 5. 01 5. 20
Amides 4. 13 4. 80 5. 10
Amines (Mono, 
Di)
E a te r  s
5. 03 
4. 91
5. 20 
5. 03
r* b c 6
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T A B L E  4. ( C o n t in u e d )
c  i a  C 2 c 3 c 4 c 5 c 6b  ------------------------------- -V.
E thers  5.29
Halogenated 4.70c
hydrocarbons
Hydrocarbons 5.40   >-
Ketones 5. 10 -------------------------------------------------------- >»
Mercaptans 4.96 5.01
Nitrated alkanes 4.60^ 5,01
Nitr ites 4 .4 3  4,84
a. The subscript indicates the number of carbon atoms in the molecule
b. The arrows indicate that the molecular diameter remains the same 
for all  longer molecules.
c. Methyl iodide.
d. Nitrome thane.
II. Cyclic Compounds (t - dimension)3. 
Benzene, Pyridine
o
t, A 
5. 30
*
Naphthalene 5. 81
Cyclopentane 5. 50
Cyclohexane, Piperidine 5. 73
Cyclo heptane 5. 8 6 r
* '
a. The rings are presumed to have disc shapes and to be a r  
in stacks.
The t-dimension re fe rs  to the thickness of the disc.
III. Branched Contributions. Straight chain and cyclic compounds, 
Substitution of — CH3 group for hydrogen A x  = 0. 42 nc
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1. Chain Compoundsa
C c  c
C - C - C  C - C - C  c - c - c
n = 1 n = 1 n = 2
2_. Cyclic Compounds3'* ^
C C -C  C - C - C - C  c  c
6 6’° A
n = 1 n = l  n = 1  n -  2 "n = 2
a. The position of substitution is immateria l,  1-, 2-, 3-, . .  or 0-,
m p-,  etc.
b. The branched contribution should be added to the t-dimension
c. The le t te r  n re fe rs  to the number of substituent —CH3 groups
as  shown in the illustrations. For example if two —CH3 
are  substituted in 2-, 4- positions as in 2-, 4-dimethyl pentane, 
the effective n is 1 , since the molecule is presumed to be 
rotating, and the swept volume is the same whether one or two, 
——CH3 groups have been substituted. The same applies to the 
case of 2-, 2-, 4- timethyl pentane.
IV. Subs titutions a
Substitution of hydrogen atom by ^  x, j?*3
1. n h 2, CHO, F» I 0.10
2. OH, CN, O (ketone) 0
3. N0 2 1.55
a. The position of Substitution is immateria l,  1-, 2-, 3-, or o-, m-,
p-, etc.
b. For ring compounds the contributions should be added to the t-
dimension.
The in termolecular  distances determined from X-ray diffraction 
measurements  in pure liquids agree well with measurements on mono-
molecular liquid films, and studies on the structure of micelles formed
in soap solutions. They approximate also values obtained from 
m easurem ents  on m ateria ls  in the solid state. For example
Liquid
X.Jf
Solid 
x, £
Capric acid 5. 21 4. 79
Laurie  acid 5. 56 5.04
Palmitic  acid 5. 50 5.03
E ruc ic  acid 5.45 5. 09
Brass id ic  acid 5. 55 5.06
Lauryl alcohol 5. 25 4.79
If the effect of tem perature  is neglected* it will be noted 
that the dimension x increased  on melting. Since for the solid both 
the x and 1 dimensions decrease as the temperature approaches the 
absolute zero, it  is possible that the length of the molecule as m e a s ­
ured in the liquid state represents  the minimum possible length.
This would mean that on melting the molecules come together fo rm ­
ing long chains, thus causing an increase in the dimension x as a 
result  of the redistr ibution of the available volume.
4
The effect of temperature on the measured molecular dimen 
sions has not been extensively investigated, but,it  is relatively small 
The extimated accuracy of the values given in Table 4 is 0. 05
i
ii.  Critical density, yO c . The critical density for a numbe 
of  liquids is given in the Chemical Engineers'  Handbook (13).
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Additional values may be found in the collection of Physico-Chemical 
constants (20). For other liquids the method of Generalized Liquid 
Densities by Watson (23) is recommended.
iii. Ratio of c r i t ical  to minimum molecular volume, vc / vo> 
A number of empirical methods (6 , 10, 18, 19) have been proposed 
for determining the molecular volume at absolute zero. A method 
based on the law of Rectilinear Diameter will be presented here .
According to the law of Rectilinear Diameter, the a r i th ­
metical average of the densities of a pure unassociated liquid and 
its  saturated vapor (orthobaric densities) is a linear function of the 
temperature .  In equation form
-  ( P  L + / ’ g )  = a - bT .....................  16
2
Although not exact, this relation is quite accurate for many 
substances and provides a very useful method for calculating the 
crit ical  density, a quantity not readily measureable.
At the absolute zero  equation 16 reduces to
A  P o  =  a .......................................................................... 17
2 '
At the freezing point the density of the vapor is very small 
and may be neglected, so that equation 16 reduces to
1 p t  = a - b Tf   18
Q
At the cri t ical  temperature the density of the vapor and liq­
uid is the same so that equation 16 reduces to
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/>c = a “ b Tc 19
Equations 17, 18 and 19 may be combined to eliminate the constants 
a and b. This resu lts  in
Equation 20 gives the ratio of the cri tical to minimum molecular vol­
ume, vc /v0, from a knowledge of the crit ical density and tem pera ­
ture , density at freezing point and freezing temperature .
In these calculations the freezing density was determined 
by Watson's relation (23)
for Tr 0. 65. Values of the cr i t ical  temperature will be found 
in the same tables giving the crit ical density. Other values for hy­
drocarbons may be estimated by the method of Michael and Thodos 
(12). Values for other liquids may be estimated either by the method 
proposed by Watson (22) or Meissner and Redding (11).
Equation 20 was found to be applicable for both normal and 
associated liquids. A few values will be given as an example.
. 20
P  6 8  °F
21
The expansion factor was calculated by the equation (23)
Cl> = 0. 1745 - 0.0838 Tr 22
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Liquid Method of Measurement vc / yo obs. yc / yo calc.
(Eq. 20)
n-Pentane Densitya 3. 80 3. 82
Ethyl alcohol Gas Law 4. 02 3.94
Ethyl alcohol Comp re ssibility^ 4. 10 3.94
Ethyl ether Comp re ssibility*5 3. 91 3.89
a. The lowest density measured was 47. 9 lbs/f t^  at 246°R. ^This ¥val- 
ue was extrapolated to 0°R.
b. The volume at the absolute zero may be regarded as given by the 
limiting volume of a liquid under infinite p ressure ,  which can be 
calculated from the compressibility. In the case of liquids, at 
68°F and 11,600 atms. the reduction in volume is about 30%.
Hence the density at 0°R is obtained by y^68°F, latm^ 0.70.
NOTATION
A = heat t ransfer  area, normal to heat flow, ft^ 
a = a constant
b = a constant
*
Cp = specific heat at constant p ressu re ,  B tu / lb -°F  
d = mean in termolecular distance, center to center, ft. 
d = molecular diameter, ft.
k -  therm al  conductivity, B tu /h r-f t2 -(°F /f t )
L = mean intermole cular distance, surface to surface, ft. 
1 = molecular  length, ft.
M = molecular weight, lbs.
m = ra tio  of crit ical  to minimum molecular volume
N = Avogadro* s number, Z.73 x 1 0 ^  molecules/ lb mole
n = effective branching contribution
n = integer representing the order of diffraction
Q = therm al energy, Btu
q = rate of heat flow, Btu /hr
R = gas constant, 1.987 Btu/lb rffble^R
R = additive constant
s = intermole cular distance, R
T = absolute temperature , °R
t = temperature , °F
t = molecular thickness, ring molecules only, ft.
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Ug = velocity of sound, f t /sec .
V = molar volume at a given temperature, ft^/lb mole
v = molecular volume at a given temperature, ft^/molecule
x = distance along X axis parallel to the direction of heat
flow, ft.
x = sum of molecular diameter and mean intermolecuiar 
distance, d + L, ft.
x = thickness, ft.
y distance along Y axis, parallel to the molecular length,
perpendicular to the direction of heat flow, ft.
z = distance along Z axis, perpendicular to the molecular
length, perpendicular to the cf&ection of heat flow, ft.
Greek-Symbols
JD = density, lbs/ft^
v °A = wavelength of incident radiation, A
= scattering angle at maximum scattering intensity, degrees
dt = temperature  drop, 0F*
CO = expansion factor
Subsc ripts
a = available
c = cr it ical
f ss freezing point
G = gas or vapor
L = liquid
o = absolute zero
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p = p ressu re
r a reduced
Conversion factor:
1 A  = 3. 28 x 10"10 ft.
12
3
4
5
6
7
8 ,
9.
1 0 .
1 1 .
1 2 .
13.
14.
15.
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STUDIES OF THERMAL CONDUCTIVITY OF LIQUIDS 
PART in.
This pa r t  of the se r ie s  presents  the results  of a continuing 
study of the thermal conductivity of liquids and associated phenomena. 
The experimental apparatus was described in P a r t  I, where the r e ­
sults of tes ts  on 53 pure organic liquids* chain type compounds* were 
reported. In this part* the study was extended to new type compounds* 
in part icu lar  to cyclic compounds, aromatics and naphthenes* with
s .
side chains.
The data were correla ted with the two methods previously p r o ­
posed in P a r ts  I and II. These methods represent  different approaches 
to the problem. The method involving the theoretical equation throws4 
light on the effect of molecular  s tructure on thermal conductivity. The 
method involving a correla tion of thermal conductivity as a function of 
reduced temperature emphasizes the effect of the functional atom or 
group in the molecule.
It was considered important also to investigate the variation 
of thermal conductivity with temperature  in the regions close to the 
boiling and freezing points. The results  of the study of the region close 
to the freezing point, are direct  evidence of a new kind in support of 
the relatively recent idea on the existence of a transition temperature 
or transition phases in the liquid state.
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Experimental.  The thermoconductimetric apparatus used 
in this study was described in detail in ear l ie r  publications (9* 10), 
where the results  of a number of tests were also presented* The 
experimental procedure and method of calculation remain unchanged.
Re suits. The results  obtained from the experimental de­
te rminations a re  presented in Table 1. The purity and sources of 
the chemicals are also indicated. The thermal conductivity of most 
liquids was determined at three temperatures equally spaced over 
the indicated tem perature  range, and the temperature coefficient 
was calculated from the results .
The experimentally determined maximum e r ro r  in the value 
of therm al conductivity of liquids is + 1. 0%.
Comparison with Literature  Values. An extensive l i te ra ­
ture survey has been made (7, 8), and values of thermal conductiv­
ity for numerous liquids have been collected, classified and evaluated. 
Excluding the results  of P. W. Bridgman, M. Daniloff and J . F . D .
Smith (7), determined with the same thin film apparatus, which 
are high, the more dependable results  fall mainly in two groups dif­
fering consistently by about 5%. The f irs t  group comprises the re -  
' suits of L. Riedel and H. L. Mason (7, 8) determined with different 
but s im ilar  type thin film apparatus. The second group comprises 
the resu lts  of O. K, Bates and T. K. Slawecki(7, 8), determined 
with thick and thin film type apparatus respectively. The reported 
resu lts  differ in two respects .  The value.s of therm al conductivity of
the f i rs t  group are  low by about 5%. The values of the temperature
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coefficient of therm al  conductivity' of the f i r s t  group are low. The 
resu lts  of the author determined with a variable film thickness 
apparatus agree with the results  of the second group.
It was shown by the author (9» 10) that the consistent dif­
ference in the values of thermal conductivity of the two groups is 
due to the effect of surface effects and ir regu lari t ies  which were 
not accounted for  by Riedel and Mason in the measurements  of the 
liquid film thickness. These investigators measured the liquid film 
thickness by direct  measurements .
In the apparatus used by O.K. Dates, the liquid layer was
about 2 in. thick, and the liquid film thickness was measured d i re c t ­
ly within the liquid layer. Hence the results  should be free of any 
surface effects. Slawecki used a concentric type thin film apparatus, 
but m easured  the liquid layer thickness with electrical capacitance ’ 
methods, thus obtaining a more representative average thickness.
In the apparatus used by the author the liquid layer thickness is vari-  
ble, and by means of a special method of calculation (10) the effect of 
surface effects and i r regu la r i t ie s  are  eliminated.
!
A comparison of reported values of the temperature coefficient 
of thermal conductivity with authors1 re suits shows that all concentric 
type thin film apparatus, including the results  of Slawecki, give con­
sistently low values. This is probably due to the expansion of the 
copper cylinders, at the higher operating temperatures, in the con­
centric type apparatus used by these investigators. The results  of
Dates a re  consistently higher, but the effect has been traced (10) to
v
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T A B L E  1.
Observed Values of Thermal Conductivity f
k at 100°F dk/dt x 10 “4 Temp. Range Source
Liquid B tu /h r - f t2 -
(°F / ft)
B tu /h r - f t2 -
( °F / f t ) / °F
°F Purity
Methyl ethyl ketone 0.0850 -1. 68 103-152 4-c
Diethyl ketone 0.0830 -1.40 96-169 4-c
Methyl n-propyl ketone 0.0807 -1.40 102-169 4-c
2 Hep tan one 0. 0785 -1. 20 107-169 2-b
3 -Heptanone 0.0792 -1. 13 110-169 2-e
4-Heptanone 0.0792 -1.22 103-169 2-e
2 -Octanone 0.0796 -1.20 92-169 2 -e
n-Butyl-ethyl ether 0.0725 -1. 30 104-169 2-b
Di-n- butyl ether 0.0748 -1. 30 101-169 2-b
Di-n-hexyl ether 0.0786 -1. 12 101-169 2-b
1, 2 -Bis( 2-methoxy 
ethoxy) ethane
0.0942 -1.40 91-167 2-b
Ethylene glycol mono­
methyl e ther ^
0. 1064 - 1. 27 96-170 1 -e
Ethylene glycol mono­
ethyl ether
0. 0982 -1. 30 96-164 1-e
Ethylene glycol mono - 
butyl ether
0.0904 - 1. 20 95-165 1 -e
Diethylene glycol mono­
methyl ether
0.1048
i
-0.95 101-165 1 -e
Diethylene glycol mono­
ethyl ether
0.1109 -0. 88 101-164 1-e
Diethylene glycol mono­
butyl ether
0. 0930 -0. 90 101-165 1 -e
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T A B L E  X. (C o n t in u e d )
Liquid
k at 100°F 
Btu/hr -ft2- 
(°F /ft)
dk/dt x 1 0 “ 4 
Btu/hr-ft^ - 
(°F/f t)°F
Temp. Range 
°F
Source
Purity
Cyclopentane 0 .0729 t -1.09 90-117 5-a
Methyl cyclopentane 0.0666 - 1 . 0 0 102-138 5 -a
Cyclohexane 0.0686 -1.03 97-169 5-a
Methyl cyclohexane 0 .0629 -0.97 104-168 5-a
Cyclohexene 0.0747 - 1 . 2 0 98-165 5-a
Cyclohexanone 0.0817 -1.33 98-169 4-c
i-Propyl benzene 0.0715 -1.35 89-134 5-a
n-Butyl benzene 0.0758 - 1. 19 89-133 5 -a
n-D odecane 0.0797 -1. 17 100-167 4-c
n-T etrade cane * 0 . 0794110° F -0.95 110-167 3-d
n-Hexadecane 0 . 0819110° F -0.90 110-167 3-d
n-Octadecane* 0. 0844110° f -0.85 110-167 3-d
Heptene-3 0 . 0749 -1.25 92-138 3-d
2, 4-Dimethyl pentane 0.0587 - 1 . 0 0 100-152 5 -a
t-Amyl alcohol 0.0682 - 0 . 9 0 104-169 2 -d
Heptanol-3 0.0801 - 1. 00 92-167 1 -e
n-Decyl acetate 0.0818 -1.28 96-168 4-c
1 -Bromodecane 0 .0669 - 0 . 86 98-169 2 -b
* The given value of thermal conductivity is at 110°F. This value can be extrapolated t 
higher temperatures only. For values at lower temperatures see Figure 1.
Source Purity
1. Carbide and Carbon Chemicals Co. a. Pure - 99 mol% min.
2. Eastman Organic Chemicals b. '’Eastman" - Highest purity
3. Humphrey-Wilkinson, Inc. c. R e search-98% Highest feasible puri
(Footnote continued on next page)
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the effects of heat t ransfer  by radiation ac ross  the liquid layer, which 
were neglected by Bates.
Discussion of R esu lts . The therm al conductivity of liquids 
has so far been observed to vary linearly with temperature .  In con­
densing apparatus the therm al conductivity of the liquid film at the boil­
ing point is required. This is usually estimated by extrapolation of low 
temperature  data. It is important to check this procedure experimenta l­
ly. A s a  result,  the thermal conductivity of cyclopentane, cyclohexane 
and ethyl alcohol was determined at tem peratures  close to the boiling 
point.
Liquid Highest Observed Boiling Point, °F
__________________ Temp. , ° F _ at 1 atm. __
Ethyl alcohol 167. 0 173. 1
Cyclopentane 116. 7 120. 7
Cyclohexane 168. 7 177. 4
The results  show that the thermal conductivity varies linearly 
with tem perature  up to close to the boiling point.
It isfequally important to investigate the region close to the 
freezing point. F o r  this purpose, the thermal conductivity of n-dodecane, 
n-te tradecane, n-hexadecane and n-octadecane was determined at te m p e r­
a tures close to the freezing point. n-Octadecane is a solid at room tern-
■¥
pera ture .  The results  are shown in Figure 1. The vertical line indicates
(Continuation of footnote for Table 1)
Source Purity
4. Matheson Coleman and Bell, Inc. d. 95% min.
5. Phillips Petroleum Co. e. P ractical
B
tu
/h
r-
ft
 
- 
(°
F
/f
t)
69
V*/*
0.090
n-C,
0.008
n-C,0.086
0.084
n-C.
0,082
0.080
Oq
0.078
•s
0.076
0.074
0.072
0.070 150140130120 „ I
T ,°F  
F i g u r e  I
160 . 170no10080 90
70
the magnitude of the maximum e r ro r ,  + 1 . 0 % in these determinations.
The resu lts  show that the thermal conductivity is not a linear function 
of temperature  as the freezing point is approached. Although n-dodecane 
does not show such a behavior it is c lear that at sufficiently low te m ­
p era tu res ,  outside the range of this apparatus, it would be expected to 
behave similarly .
The plots of Figure 1 bring up a number of interesting points.
As the freezing point is approached, the temperature  coefficient of 
therm al conductivity decreases  rapidly, approaching zero at the freez- 
ing point. Hence the thermal conductivity is observed to vary little with 
temperature  in the region above the freezing point, much the same way 
as specific heat.
Another point of in te res t  is the shape of curves in Figure 1.
The curves show that there is a region where the thermal conductivity 
drops sharply —  about 4% —  with a small temperature increase.
In view of the fact that the temperature drop across  the liquid layer 
in this apparatus is of the order of 10°F, it is not certain  whether this 
rapid drop extends over a range or  it indicates transition phases with 
a sudden discontinutiy. The idea of transition phases within the solid 
state is not new. A number of solid paraffins (3, 5, 13), alcohols (1), 
e s te rs  (2), and bromides (4), exhibit discontinuous changes in a num­
ber of physical properties  at a transition temperature, which have been 
attributed to the onset of hindered molecular rotation. The idea of 
transit ion phases within the liquid state is more recent. Moore, Gibbs 
and Eyring (6 ) reach the conclusion that far  from being an amorphous
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and random aggregation of molecules, there is not only a substantial 
degree of order in liquids, but in many liquids there are  several recog­
nizable transit ions in addition to the solid-to-liquid and liquid-to-gas 
transitions. By considering the molecules in the liquid state arranged 
in a way s im ilar  to that adopted by the author for the prediction of 
therm al  conductivity ( 1 1 ), they suggest that plots of a number of physi­
cal propert ies  as a function of temperature  reveals abrupt discontin-
^  <l>
uities or transit ion tem pera tu res .  To confirm these ideas the author 
has plotted propert ies  for a large number of liquids as suggested by 
Moore, Gibbs and Byring. Careful consideration of the results  leads 
to the conclusion that although there is some evidence for transition 
tem peratu res ,  it  is far  from being conclusive, and the transition te m ­
pera ture  s a r e  difficult to establish. The author believes that any t ra n ­
sition tem pera tu res  present in the liquid state should be related to the 
transition tem peratures  observed in the solid state. In fact this appears 
to be the case. Plots of freezing and transition points as a function of 
tem perature  for the solid paraffins (3, 5) show that transitions tem p era ­
tu res  appear only for the t o  C3 3  paraffins. For paraffins with less
than 25 carbon atoms the transition temperature curve c ro sses  the f re e z ­
ing point curve. Transition tem peratures  in the solid state have been
observed also for the f i rs t  three m em bers  of the paraffin se r ies .  It is
s *
possible then that for the C 3 to C z S  paraffins the transition temperature 
exists in the liquid state. The evidence on therm al conductivity p re sen t­
ed by the author appears  to substantiate this idea. The observed t r a n s i ­
tion region may then be identified with the onset of molecular rotation
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above which, the molecules can rotate about their long axis, or are 
n rotationally active* ,f Qualitatively this may be visualized as follows:
At a given temperature  above the freezing point the molecules have a
r
cer ta in  capacity to absorb energy for t ransfe r .  At the transition t e m ­
pera ture  part  of this energy must be retained by the molecules to in ­
itiate rotation* As a result,  the net energy transfer  and therm al con­
ductivity decrease  sharply.
Two other points are worth mentioning, (i) The position of 
the OH group in the alcohol molecule seems to play an important role.
The therm al conductivity of Heptanol-3 is much lower than that of 
n-Heptyl alcohol, (ii) The position of the functional group in a mole- )
cule, ether, ketone, e s te r ,  having the same total number of carbon 
atoms does not affect the thermal conductivity.
The value of thermal conductivity of Diethylene glycol mono 
ethyl ether is much higher than either the monomletHyl Or monobutyl 
m em ber.  This liquid is specified as low gravity by the supplier, and 
the effect is probably due to impurities. Literature  data (8 ) confirm 
this observation.
C orre la t ions of Thermal Conductivity. Correlations of thermal 
conductivity are important for process calculations. Two general 
methods of predicting the thermal conductivity as a function of t e m p e r ­
ature were proposed by the author (10, 11). In this paper the methods 
are  extended to include the new data.
a. C orre lation Based on a Modified State Orient of the Theory of
Corresponding States. This method is based essentially on a
consideration of corresponding behavior of the same two members of 
two different se r ies  to the same other two members  of their  respective 
se r ies .  The reduced pressure  is omitted fr.om the correlation, since 
at  1 atm. the effect of differences in reduced pressure  on thermal con­
ductivity is small.
The therm al  conductivity of different homologous ser ies  was 
corre la ted  as a function of reduced temperature  with the number of e f ­
fective carbon atoms as a param eter .  The contribution to the thermal 
conductivity of a given functional group or atom in the molecule was d e ­
te rm ined by using the n-aliphatic hydrocarbons as a basis, and taking 
the difference between it and the se r ie s  in question at a reduced tem p er­
ature  Tr = 0. 6 . This temperature was selected so as to reduce the
f
extrapolation of the experimental data. In this part the determined 
contributions to the thermal conductivity include E thers , Ketones, Mono­
glycol e thers , Diglycol e thers. T er t ia ry  alcohols, Naphthenes and A ro ­
matic hydrocarbons. The results  are  shown in Table Z. The general­
ized chart for n-aliphatfc hydrocarbons is shown in Figure Z. In this 
chart,  the line marked 1Z-18 should be used only if the molecules are 
n rotationally active, M or about 70°F above the freeqing point. The con­
vergence points of the different ser ies  a re  marked by le t ters ,  but can 
be located also from the cri tical density of the ser ies . Although the 
c r i t ica l  density varies somewhat from member to member, an average 
value for two or three m em bers  is sufficient to locate the point. In this 
way the therm al conductivity for an entire series  of liquids, at any tern-
I "
pera tu re ,  can be estimated from a single known value. This value can
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be estimated by the previously presented ( 1 1 ) theoretical method.
This method of calculation will be il lustrated by two examples. 
Illustration 1 . Calculate the thermal conductivity of i-propyl benzene 
at 120°F.
Data. T c = 1145°R k
Basis  - Benzene at Tr = 0.6 0. 0800
For contribution of i-propyl group, consider 
benzenene as ethane, take the difference in k 
between ethane and n-pentane (or three carbon 
groups) at Tr = 0. 6 from ^har t .  - 0.0156
1 isomerization 0 . 0060
0.0584
In Figure 2 locate this point at Tr = 0.6 and connect it with the con­
vergence point for aromatic hydrocarbons by a straight line. Read 
the value of therm al conductivity at T r = 0. 506 (120°FJ.
k = 0.0689 B tu /h r - f tz -(°F/ft)
i
The observed value at the same temperature is 0.0688 B tu /hr-f t^-
/
(°F  / ft).
Illustration 2. Calculate the thermal conductivity of 3-Heptanone at
1 40 °F.
Data. Tc = 1058°R (Estimated from the boiling point)
Effective number of carbon atoms , x = n -2 = 7-2=5 
Structural contribution (Table 2) -0. 0041
In Figure 2 locate the reference point for pentane, at T r = 0.6, 0. 0738. 
Subtract -0.0041 and locate new point, 0. 0697. Connect the new point 
with the convergence point for, ketones by a straight line. Read the
value of thermal conductivity1 at T r = 0. 566 (140 F)
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T A B L E  2 .
S tructural Contribution to the Thermal Conductivity 
of Liquids at Tr = 0. 6
A. Straight Chain-Saturated
dk, B tu /h r - f t2- Effective No
Basis . n-Aliphatic Hydrocarbons (°F/ft) Carbon Atom
Series
Hydrocarbons, CnH 2n+ 2 0 x = n
Alcohols, CnH2n^.jOH + 0.007 0a x = n
E s te r s ,  CnH2nC>2 -0.0070 x = n - 2
Halides, CnH2 n+iCl - 0 . 0 1 6 8 x = n
Cn^2n4-iBr -0.0248 x = n + 1
CnH2 n+iI -0.0310 x = n + 2
Nitro, CnH2n+iN0 2 0 a x = n
^ E th e r s ,  CnH2 n + 2 0 - 0 . 0 0 6 1 x = n - 2
Ketones, CnH 2nP -0.0041 x = n - 2
Monoglycol e thers ,  CnH2 n + 2 0 2 0 x = n - 2
Diglycol e thers , CnH2 n+2 ^ 3 +0.0082 x = n - 2
B. Cyclic Compounds
I. Aromatic Hydrocarbons
Basis.  Benzene*3 k = 0. 0800 B tu /h r - f t2 -(°F/ft)
For contribution of added -CH2 -, CH3 groups in straight chain, 
consider benzene as ethane, and determine contribution of groups 
as for n-aliphatic hydrocarbons.
II. Naphthenes
Basis. Cyclopentane. k = 0. 0738 B tu /h r - f t2 -(°F/f t)
Contribution for each additional -CH2-* or -CH3 in ring 
or straight chain = -0. 0083 B tu /h r - f t2 -(°F/ft)
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C. Isomerization
TABLE 2. (Continued) 
(Straight chain and aromatic  compounds)
Type
For one - CH3 group
For two - CH3 groups
For three - CH3 groups
C
Te rt- alcohols C t
dk. B t\ i /h r-f t2 -(°F/f t)  
- 0 . 0060 
-0.0104 
-0.0142
-0.0155
D. Bonding
One double bond
(Chain Compounds)
+0 . 0010
a. The f irs t  m em bers  of relatively high polar se r ies ,  such as alcohols and nitrated 
alkanes, have a specific line as shown in Figure 2.
b, This value for benzene has been obtained by extrapolation from the higher m em ­
bers .
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k = 0.0742 B tu /h r - f t2-(°F/f t)
The observed value at the same temperature is 0.0747 B tu /h r - f t2- 
(°F /f t ) .
This method of correla tion was used to predict the thermal
r
conductivity of the liquids tested in this investigation. Typical results  
are  presented in Table 3.
The average deviation of the calculated from the observed
/
values of therm al conductivity for a total of 77^  liquids (Par ts  I and III 
of this Series) is 1.3%. The maximum deviation is about + 6.0%.
It will be noted that the method of correla tion was tested both with r e ­
spect to the therm al conductivity and its temperature coefficient.
^  Correlation Based on Theoretical Equation. An equation,
based on a simplified model of liquid state, for predicting the thermal 
conductivity of pure organic liquids and its temperature  coefficient has 
been derived (P a r t  II), and tested on a large number of straight chain 
and branched liquids. Methods were also given for predicting the v a r ­
iables involved where no data are available (11* 12).
The equation is applicable to both normal and associated liquids. 
The only assumption involved in its derivation is a particular  molecular 
a rrangem ent  in the liquid. This arrangement is in agreement with 
conclusions reached from X-Ray diffraction studies. The equation is
k = Cp UsyO JL . . . 1................................................. 1
where Cp = specific heat at constant p ressu re ,  B tu / lb -°F
Us = velocity of sound in the liquid,
JO  = liquid density, lbs. /ft  .
TABLE 3.
Comparison of Some Experimental Values of Thermal Conductivity With Values 
Calculated by Correlation Based on the Theory of Corresponding States
Liquid Tg,°R TA r kCalc k i a ^obs %Devb Tr k i a ^calc k 0. a *obs %Dev^
Methyl ethyl ketone 939. 0 0. 600 0. 0853 0.0845 +0.95 0.652 0.0767 0.0763 +0. 52
Diethyl ketone 980. 0 0. 567 0.0831 0.0836 -0.60 0.641 0.0724 0.0733 -1.23
2 Octanone "V 1097. 0 0. 503_ 0. 0790 0.0806 -1.98 0.573 0.0702 0.0713 -1. 54
n-Butyl ethyl ether 9 57. 5* 0. 589 0. 0730 0.0720 + 1. 39 0.659 0.0640 0.0635 +0. 79
Ethylene glycol mono 
ethyl ether
1041. 0* 0. 534
to.
0.0977 (f. 0987 -1.02 0. 599 0.0896 0. 0899 -0. 33
Diethylene glycol mono 
butyl ether
1217. 2* 0.461 0.0937 0.0927 +0 '. 8‘6 0. 513 0.0880 0. 0871 * + 1.03
t-Amyl alcohol 980.9 0. 575 0.* 0667 0.0678 -1. 65 0.641 0.0630 0.0620 + 1.61
1 -Bromodecane 1437. 0* 0. 388 0.0665 0.0671 -1.01 0.437 0.0610 0.0610 0
n-Decyl acetate 1244. 0* 0.477 0.0795 0.0823 -3. 40 0.505 0.0725 -0.0731 -0. 82
n-Hexadecane 1295. 3* 0.440 0.0817 0.0819 -0. 24 0.484 0.0767 0. 0759 + 1.05
Methyl cyclohexane 1030. 1 0. 547 0.0626 0.0625 +0. 16 0.610 0.0563 0.0563 0
i-Propyl benzene 1145. 0 0.479 0.0717 0.0730 -1. 78 ‘ 0.519 0.0672 0.0669 +0. 45
* Estimated values
a. k = Btu/hr-ft^-(°^F/ft)
b. Percent Deviation of calculated from observed values.
-j
nD
Li =s available interm ole cular distance, ft 
k ,= thermal conductivity of liquid, B tu /h r - f t^ - (°F /f t )
In calculating the available in termolecular  distance, L, for chain com- 
pounds, the assumption is made that the molecules are aligned, like 
rods in a bundle, perpendicular to the direction of heat flow.
The equation will be applied here to ring compounds. The 
available inte rm ole cular distance for ring compounds is  calculated on 
the assumption that the rings a re  stacked like coins with their  longest 
dimension perpendicular to the direction of heat flow. Consider the ben­
zene molecule. X-Ray diffraction data (11) give as the thickness of the 
ring 5. 3 &  = 1. 738 x 10"  ^ f t .  For purposes of calculation the shape
of the ring will be taken as a square. The size of the edge can then be
calculated readily from the cr it ical density, and the ratio of cr it ical  
molecular  volume and volume at absolute zero. For benzene:
vc = 15. 1 x 10 '27ft3
v c / v o = 3 * 9 4
-27 3v0 = 3.83 x 10 * #ft
/ v \ 1/2 9
d ) = 1.485 x 10"Vft.
The benzene ring then appears as a short parallelopiped with its 
thickness as the longer dimension. Hence the rings will be stacked with 
the ir  thickness perpendicular to the direction of heat flow. The procedure 
for evaluating the available intermolecular  distance for ring compounds is:
(i) Obtain vc , v
(ii) Calculate vc /v 0 and v0
(ill) Obtain t (X-Ray diffraction data - Ref. 5)
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(iv) Calculate d and X
 ^ (v) L = x  - d
The necessary  equations for obtaining these data are:
M
x 2. 73 x 1026
. . . 2
M = mol. wt.
c = cr i t ical  density, lbs/ft^  
vc a cr i tical molecular volume, ft^ 0
M
^   3
/ ) x 2 . 7 3 x l O Z6
= density at 68°F, lbs/f t  ^
v = molecular volume at 68°F, ft 
n = vc /v 0 = 2
, t  ( A f t  - />„) (  T c )
( /°c )  ( t c - Tf)
£ a density at freezing point, lbs/ft^ 
vQ = molecular volume at absolute zero, ft^ 
T c a cri tical tem peratu re , °R 
= freezing point, °R
4 vc
v o = -----n
- V - r T
t = thickness of ring, ft
d s molecular width at absolute zero, ft.
/ v W 2 /  
x = \ 1 ) 7
X = molecular width at 68°F, ft.
L. = x - d  8
The correction for isomerization in the ra tio  n used for 
chain compounds is not necessary  here. This method of evaluating the 
available in te r mole cular distance assumes that there is little-or no emp­
ty space between molecules lined end to end, or that the t - dimension
is the same at all tem pera tu res .  The same idea was used for chain' /
compounds where the molecular length (equivalent to t here) 1 was 
taken as constant.
' \
This method of evaluating the available interm ole cular distance 
is strictly  applicable to simple ring molecules such as benzene, cyclo­
pentane, etc. The presence of side carbon atoms introduces a compli­
cation. When the side chain is long enough, the question a r ises  whether 
to consider the molecule as a ring or a chain. The problem is solved 
readily by considering the molecule f i r s t  as a simple ring, that is eval­
uating the side chain as an equivalent ring width; then as simple chain, 
that is evaluating the ring as an equivalent chain length. The correct  
in ter  mole cular idstance is obtained by calculating a weighted average 
of the two. In taking the average, the following dimensions are neces-
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Ring Thickness-t
Benzene 1.485 x 10- 9  ft.
Cyclopentane 1 .494  .x 10 "9 i t
C y clohexane 1 . 588 x 10- 9  ft.
Chain Incremental Length 
0. 300 x IQ’ 9  ft.“CH2- or -CH3
The method of calculation will be illustrated by an example. 
Il lustration 3. Calculate the thermal conductivity of n-butyl benzene 
a t  6 8 °F .
Data. M = 134,21
/ > c = 16. 78 lb s / f t 3 at Tc
Us '= 4430 f t / se c  at 6 8 °F (Estimated by method given in Ref. 11)
Cp a 0.403 B tu / lb -°F  at 6 8 °F (Estimated by method given in Ref. 12
(i) Consider molecule as a ring.
t = 5 . 30 A° (for benzene ring) + 0 . 42 A° (for side chain) = 5. 72 A°
(Ref. 11)
T c = 1190°R
T f = 334°R
O  = 53. 60 lb s / f t 3 at 6 8 °F
= 59.00 lb s / f t 3 at Tf (Estimated by 'Watson’s relation-Ref. 14)
t = 1 . 876 x 10"9 ft.
(29. 50 - 16. 78)
16.78
4
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134.21 v ,  ,
v .  =  —---------------- » 29. 30 x 1 0 " * ' ft . . . . . . .  2
2.73 x 10 x 16.78
29.30 x 1 0 ' 27 
v0 = ________;_________ = 7. 132 x 10-27 ft
4. 108
y
7. 132 x 10‘ 27 v l ^ Z
1.876 x 10
d = I -------------------------- h =1 .951  x 10_9f t .............................................. 6
134* 21 o*7 i
V =   = 9. 172 X  10“^ 'ft . .......................................3
2 .73  x 1026 x 53.60
x ‘ (-
V l.
172 x ID '27 v 1/>2
876 x 1 0 '9
= 2.211 x 10 '9f t ....................................... 7
L = (2. 211 - 1. 951) x 10"9 = 0. 260 x 10‘9 ft
(ii) Consider molecule as  a chain, (See Reference 11).
8
X = 1. 771 x 10*9 ft. (For straight chair hydrocarbons - Ref. 11)
y 9. 172 x 10”27
molecular length 1 =   =   . = 2.924 x 10“ ft.
X2 (1. 771 x 10‘9)
1/2 /  7. 132 x 10 '27 \  X *Z
d  ~ I "  \  = |  —   ) = 1. 562 x 10* ft.
2.924 x 10"9(?)
L = x  - d = (1. 771 - 1. 562) x 10“9 = 0. 209 x 10“9 ft.
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(iii) Weighted average available in term ole cular distance*
Thickness of ring 1.485 x 10"9
Length of chain 4 x 0. 300 x 10 “9 = 1.200 x 10 “9
2. 685 x 10“9ft.
R
Contribution of ring = 1. 485 x 0.260 x 10"9 /2. 685 = 0.1438 x 10‘9
Contribution of chain= 1. 200 x 0.206 x 10“9 /2. 685 = 0. 0921 x 10~9
Weighted average available interm ole cular distance 0.2359 x I0 “9ft.
(iv) T herm al  Conductivity
k = Cp UB f >  L ............................................................   1
k 3  0. 403 x 4430 x 3600 x 53. 60 x 0. 236 x 10~9 = 0. 0813 B tu /h r - f t2-(°F /f t )
The observed value at the same tem perature  is 0.0796 B tu /h r - f t  - 
(°F /f t ) .  The tem perature  coefficient of therm al conductivity may be e s ­
timate d^byythe method given in P a r t  H* It can also be estimated as fol­
lows: Locate the calculated value of conductivity at 68°F on Figure 2. E s ­
timate the c r i t ica l  density of the liquid, and locate convergence point. Con­
nect the two points by a straight line. ^
This method of cprrela tion was used to predict the therm al con­
ductivity of the ring compounds tested in this investigation. The results  
a re  presented in Table 4.
The average deviation of the calculated from the observed values 
of therm al conductivity for a total of 50 liquids, chain and ring compounds, 
is + 2. 6%. The maximum deviation is about 4^  6. 0%.
This method of calculation is more tedious as compared to the
'  \ _
J
method based on the modified theory of corresponding states, However, it  has 
th^ advantage that it requires  no experimental data on thermal conductivity.
r
T A B L E  4.
Comparison of Some Experimental Values of The rm alC  conductivity with 
______ Values Calculated by Theoretical Equation at 68°F._____
kobs. c p Us L x 10~9 kcalc.
Liquid Btu/hr -ft - B tu/lb-°F ft /sec . lbs/ft ft. Btu/hr-£t2- % Dev.
(°F /  ft) (°F/ft)
C y clopentane 0.0764 0.428 4290* 46.50' 0.257 0.0790 +3.41
Methyl cyclopentane 0.0698 * 0.446 3980* 46.60 0.236 0.0703 +0.72
Cyclohexane 0.0719 0.442 3740* 48.50 0.252 0.0726 * +0.97
Methyl cyclohexane 0.0660 0.442 3583 47.90 0.251 0.0685 +3.79
Cyclohexene 0.0785 0.429 3920* 50.50 ' 0.251 „ 0.0767 x -2 .29
C yc lohexanone  ^0. 0859 0.433 4731 59.00 0.190 0.0827 -3 .72
<£
i-Propyl benzene 0.0758 0.388* 4365* 53.70 0.236 0.0772 + 1.84
n-Butyl benzene 0.0796 0.403* 4430* 53.60 0.236 0.0813 +2.14
* Estimated values.
00
O'
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Its usefulness may be brought out better  by considering the case of 
1* 2 -Bis (2-me thoxy ethoxy) ethane, which is a poly e ther. The com­
pound is  re la t ively  new, and few data are  available' on its p ropert ies . 
F u r th e r ,  it  cannot be classified into any of the type of liquids so far 
studied. Consequently use of the theoretical  method is required. All 
the. n ecessa ry  data had to be estimated.
M = 178.22 y°c = 19. 67 lb s / f t3 *
Tb = 8 82 .2°R * P i  = 63.6 lb s / f t3 *
Tc = 1194°R* Us = 4100 f t / s e c . *
V.
T f = 460°R * Cp = 0. 498 B tu / lb -°F  *
ifc E s t im ated  values
The only property  that could not be estim ated  with the required
accuracy  was the density at 68°F. Actual m easurem ents  on the com-
pound gave a value 61.50 lb s / f t  . The resu l t  is:
ok =*‘0.0973 B tu /h r - f t  -( F /f t)  Calculated
k = 0.0987 B tu /h r - f t2-(°F>ft) Observed
Considering the e r r o r s  introduced by the necessity  of e s t im a t ­
ing all but one of the required  variables , the observed deviation is sa tis -  
fac tory .
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Observed values of thermal conductivity ayid temperature  co-
■h
efficients are presented for 3 5 pure organic liquids. These values are 
in addition to those reported in P a r t  I. Values of thermal conductivity 
or  temperature  coefficients for 28 of these liquids have not been p r e ­
viously reported.
Y
The experimental results  were correla ted  by two previously 
proposed methods. The method based on a theoretical equation* previ-  
ously used for chain compounds (Par t  II)* was adopted here for calcula-. 
tions on cyclic compounds. The method based on a modified statement 
of the theory of corresponding states (Part I) was extended to' cover the 
new types of organic compounds studied in this investigation.
The therm al conductivity of 3 liquids was observed to vary
t
linearly  with temperature up to about the boiling point, at 1 atm. * of the 
liquids. In the region close to the freezing point, it was observed, for 
the higher n-paraffins, that the thermal conductivity ceases to be a linear 
^ fu n c t io n  of temperatu re . The temperature coefficient of therm al conduc­
tivity approaches zero as the freezing point is approached. A transition 
tem peratu re  or region within the liquid state was observed, and identi­
fied with'the onset of molecular rotation.
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NOTATION
Cp = specific heat at constant p re ssu re ,  B tu / lb -°F .
d = molecular  diameter  at absolute zero,, ft.
k = therm al conductivity, B tu /h r - f t^ - (°F /f t ) .
L. = mean available inte rmole cular, distance, surface to surface, ftf*^
■\
1 = moleciilar length, ft.
M = molecular  weight
n = number of carbon atoms in molecule, ratio of c r i t ica l  to -
minimum molecular volume.
v« q as heat flow.
T, t = tem perature ,  °R, °F .
t = molecular thickness, ring compounds, ft.I
Us = velocity of sound in liquid, f t /sec .
v = ^molecular volume at given temperature , ft^.
X = molecular  d iameter  a t  given temperature ,  ft.
  \
x = effective number of carbon atoms.
I
G reek  Symbols
yO = density, lbs/f t^.
Subscrip ts  
b = boiling point
c 1 = cri t ical
f = freezing point
o = absolute zero
r = reduced
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